Analog and Digital Approaches to UWB
Narrowband Interference Cancellation

Omid Abedi

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
In partial fulfillment of the requirements

For the PhD degree in Electrical and Computer Engineering

School of Electrical Engineering and Computer Science
Faculty of Engineering

University of Ottawa

© Omid Abedi, Ottawa, Canada, 2012



Abstract

Ultra wide band (UWB) is an extremely promising wireless technology for researchers
and industrials. One of the most interesting is its high data rate and fading robustness due
to selective frequency fading. However, beside such advantages, UWB system
performance is highly affected by existing narrowband interference (NBI), undesired
UWB signals and tone/multi-tone noises. For this reason, research about NBI
cancellation is still a challenge to improve the system performance vs. receiver
complexity, power consumption, linearity, etc.

In this work, the two major receiver sections, i.e., analog (radiofrequency or RF) and
digital (digital signal processing or DSP), were considered and new techniques proposed
to reduce circuit complexity and power consumption, while improving signal parameters.

In the RF section, different multiband UWB low-noise amplifier key design
parameters were investigated like circuit configuration, input matching and
desired/undesired frequency band filtering, highlighting the most suitable filtering
package for efficient UWB NBI cancellation.

In the DSP section, due to pulse transmitter signals, different issues like modulation
type and level, pulse variety, shape and color noise/tone noise assumptions, were
addressed for efficient NBI cancelation. A comparison was performed in terms of bit-
error rate, signal-to-interference ratio, signal-to-noise ratio, and channel capacity to
highlight the most suitable parameters for efficient DSP design. The optimum number of
filters that allows the filter bandwidth to be reduced by following the required low

sampling rate and thus improving the system bit error rate was also investigated.
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Chapter 1 Introduction

1.1 Motivations

Appealing features such as flexibility and robustness, as well as high-precision ranging
capability, low power, low interference, and low regulation, have attracted attention and
made ultra-wide band (UWB) an excellent candidate for a variety of applications [1]-[2].
UWB is emerging as a particularly appealing transmission technique for applications
requiring either high bit rates over short ranges or low bit rates over large ranges.

Historically, UWB radar systems were developed mainly as a military tool. However,
UWB technology has been recently focused on consumer electronics and
communications. Ideal UWB systems are considered to have low power, low cost, high
data rates, precise positioning capability and extremely low interference. Also the UWB
technology is different from conventional narrow-band wireless transmission technology.
UWRB spreads signals across a very wide range of frequencies.

Researchers often see UWB as a promising technology. In fact, UWB is currently
moving in new directions, such as automobile collision avoidance, positioning systems
and indoor high data rates communications [3]. Note that if the dominant technique of
wireless communication is currently based on sinusoidal waves, the first communication
systems were in fact pulse-based.

However, beside such advantages, there are some issues and challenges in UWB
technology, which are mostly correlated with the receiver design involving both major
receiver sections, i.e., analog (Radio Frequency or RF) and digital (Digital Signal
Processing or DSP) in which different signal transmission design methods have to be
applied, such as carrier or pulse shape.

In fact, receiver complexity is not only related to the transmitter modulation,
modulation level, and receiver signal power, but also to the system requirements because

of Federal Communications Commission (FCC) regulations.
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Indeed, since other applications have to share parts of the UWB frequency range,
UWRB system performance is highly affected by existing narrowband interferences (NBI),
undesired UWB signals and multi-tone noises [4]. For this reason, further research about
NBI cancellation becomes crucial to enhance UWB system performance.

In this work, UWB receiver design issues have been identified and new solutions have
been proposed and successfully compared with existing design methods in terms of Bit
Error Rate (BER), Signal-to-Interference Ratio (SIR), Signal-to-Noise Ratio (SNR),
power consumption and system complexity. This comparison has been achieved
relatively to the two major receiver blocks namely, the analog RF section and the digital

DSP section.

1.2 Advantages of the UWB technology

Because UWB waveforms have short time duration, they have some unique
specifications. In communications, UWB systems can be used to provide extremely high
data rate performance in multi-user network applications. On the other hand, for radar
applications, they can be used for range resolution and precision distance as well as
positioning measurement capacities. More recently, the differential Global Positioning
System (D-GPS) has also gained interest. As known, GPS is a system that requires Line-
of-Sight (LOS) propagation but in Non-Line-of-Sight (NLOS) or even Extreme Non-
Line-of-Sight (ENLOS) cases like in indoor communications, combination of wideband
GPS and DGSP systems is required. This combination may increase the system
complexity, but the interference signal will be significantly attenuated and thus, the total
system performance will be improved.

In summary, UWB presents a solution to many of the challenges that wireless

communication designers have to face. These advantages include:

e Speed: The same UWB device can scale from high speed to very low speed and low
power applications, e.g., in meter reading.
e Multi-channel capabilities: due to its huge bandwidth, UWB can support hundreds of

channels compared to existing systems.
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¢ Simultaneous network: UWB can be used as personal area network (PAN), local area
network (LAN) or wide area network (WAN).

e Global interoperability: the RF spectrum assignments vary from one country to
another.  UWB operates without this limitation, thus promising global
interoperability.

e High security: UWB transmission signals, coupled to noise floor, are virtually
impossible to detect, making the UWB one of the most secure wireless
communication technologies.

e Higher resolution in ENLOS: propagation of UWB signals has a better performance

through walls and other obstacles.

However, UWB presents some disadvantages as well. For instance, for extremely high
data rates (tens of Gigabits/s and higher) in point-to-point or point-to-multi-point
applications, it will be difficult for UWB systems to compete with point-to-point direct
LOS wireless communication systems like optical point-to-point communication systems.

Also, as observed in some mobile and indoor wireless communications, multipath
cancellation can occur when a strong reflected wave (from wall, vehicle ...) adds with the
direct path signal, causing reduced amplitude response at the receiver.

Therefore, there should be tradeoffs as in any other RF technology, such as SNR vs.

bandwidth, maximum distance vs. transmitter power, etc.

1.3  Current work and thesis objectives

As mentioned, UWB system performance is highly affected by existing narrowband
interference (NBI), undesired UWB signals, and multi-tone/color noises. For this reason
improving the NBI system cancellation in UWB RF receivers or UWB pulse transmitters
is crucial. Thus, advanced techniques should be proposed for UWB-NBI cancellation in
UWB systems without increasing overall circuit complexity or decreasing performance.
In this work, to avoid high sampling rate (ADC) and color noise while improving the

UWB pulse transmitters receiver SNR, techniques such as signal mapping and orthogonal
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methods (General matched filter, GMF and Filter bank) have been first briefly
investigated, thus combined, to improve interference cancellation. As for UWB RF
receivers, a new UWB multi-band low-noise amplifier (LNA) with various LC ladders
has been proposed to cancel major narrow band caused by WLAN systems.

In UWB system design, most recent papers consider only white noise in their studies
[5]-[14]. This assumption is not entirely valid for indoor UWB wireless communication
systems that deal with color noise. Therefore, the challenge is not only how to eliminate
the color noise but also how to improve the system performance in terms of complexity
and power consumption. Furthermore, the above mentioned papers investigated different
methods to improve the system performance but, to the best of our knowledge, none of
them simultaneously considered key system design elements in their investigation, such
as pulse shape, maximum distance, BER, SIR, SNR, channel capacity, power
consumption and system complexity.

Therefore, in this work, we investigated the following aspects:
at the transmitter side (system level)

- Pulse modulation and levels and their comparison in terms of BER, SER, and
channel capacity to achieve the best modulation/level signal for NBI cancellation,

- Pulse duration and power spectral density (PSD),

- Effect of pulse shape to the system performance. In fact, most widely used channel
models such as 802.11.3a or 802.11.4a did not take into account the pulse shape,

- Effect of repetition pulse code (number of pulse per data) on the system complexity,

- Channel parameters in different fading scenarios,
at the receiver side (system level)

- Rake receiver performance by considering color noise,

- Number of filters to be considered for increasing the receiver performance,
at the receiver side (circuit level)

- Transistor parameters: the system performance depends highly of the transistor

parameters. Optimizing his characteristics is indeed necessary.
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- Comparison between different LNA configurations in terms of linearity, power
consumption and S-parameters frequency responses.

- Selection of the most suitable pass-band/stop-band filters in terms of order,
sharpness, element size/number, etc.

- Evaluation of noise orthogonal methods such as OFDM modulation or differential

multiband LNAs in terms of layout issues caused by the differential design [8], [12].

1.4 Research contributions

Actually, if the transmitter modulation is OFDM, then the power amplifier (PA)
linearity will be limited and the transmitter power consumption should be increased to
satisfy the linearity. Thus, the battery life will be reduced as well [13].

At the receiver side, designing the RF section raises different issues related to design
flexibility, integration level, NBI cancellation, which leads to more complex topologies
[4], [14]. In this work, we tried to answer most of the raised questions. Therefore to reach
our objective, i.e., narrowband interference cancellation (NBI), major contributions have

been achieved:

v' New multiband UWB low-noise amplifier (MB-UWB-LNA) configuration to
mitigate major narrow-band interference issues [15]. In this work, an original
approach for efficient MB-UWB-LNA design is presented, focusing on input
matching and desired/undesired frequency bands.

v New filter design approach for NBI-UWB applications [16], [17]. We indeed
investigated the performance of a variety of band-pass filters (BPF) and stop-band
filters (SBF) filters in terms of frequency response, input/output matching, phase,
sharpness and stop-band attenuation, maximum bandwidth and number of
components. Then, we compared their performance in regard to UWB requirements.

v New narrow-band noise cancellation approach including color noise orthogonally
and partial rake receiver parameters [18], [19]. A comparison was performed in
terms of BER, SIR, channel capacity and optimum filter bank numbers to highlight

the most suitable parameters for efficient DSP design.
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1.5 Thesis outline

This thesis is organized as follows: in Chapter 2, we compared the performance of
different UWB filters (both 3-7GHz band-pass filters and 5-6GHz stop-band filters). The
goal was to design a multi-channel filter with higher sharpness with respect to pass-band
flatness, attenuation and element size.

In Chapters 3 and 4, we used the designed filters as input matching network for core
LNA and compared their performance. We used two major LNA topologies: common-
source (CS) and common-gate (CG). Thus in Chapter 4, the CS topology was
investigated while combined with different multi-band topologies to mitigate undesired
frequency band (5-6GHz).

In chapter 5 we introduced the IR-UWB system and alternative receiver design
techniques to recover the low-power UWB signal from noise.

In Chapter 6, we evaluated the possible modulation schemes used in UWB
communication. The objective of this chapter was to reduce the power spectral density
(PSD) of discrete components. Also, performance of pulse modulation schemes was
analyzed in terms of symbol error rate (SER), complexity, data rate, maximum transmit
power, maximum transfer receiver distance and channel capacity. Chapter 7 showed that
pulse differentiation and width variations affect the PSD and therefore, can be used to
shape the transmitted waveform. Also analysis and evaluation of different Gaussian pulse
shapes for UWB systems in light of the FCC frequency emission restrictions were studied
such as Gaussian, Gaussian monocycle (first derivatives), Gaussian doublet, their
combination (linear, random, LSE) and Hermite pulses. Chapter 8 briefly described the
performance of a single user UWB communication system with TH-PPM modulation by
applying IRAKE and PRAKE filter banks through the combination of maximum ratio
combining (MRC) and general matched filter receiver. These receivers have been
evaluated in several scenarios, such as NLOS and ENLOS, and evaluated by BER,
capacity of the channel, signal to interference ratio, and SIR parameters. Future work

objectives and research perspectives were discussed in Chapter 9.

Chapter I: Introduction -6-



References

[7]

[8]

[10]

[11]

[12]

R. Kshetrimayum, “An introduction to UWB communication systems,” [EEE J.
Magazines, pp. 9-13, 2009.

Z. Xiao, C. Zhang, N. Ge, D. Jin, “Introduction of SC-UWB proposal,” IEEE Conf.
Computational Problem-Solving, pp. 698-702, 2011.

R. Cardinali, L. De Nardis, M.G. Di Benedetto, P. Lombardo, “UWB ranging
accuracy in high- and low-data-rate applications,” IEEE Trans. Microwave Theory
Tech., pp. 1865-1875, 2006.

0. Abedi, M.C.E. Yagoub “Efficient narrowband interference cancellation in UWB
RAKE receivers,” submitted to /ET J. communications, March 2012.

S. Winder, Analog and Digital Filter Design, Woburn, MA, Newnes, 2002.

A. Ismail, A. Abidi, “A 3-10 GHz low noise amplifier with wideband LC-Ladder
matching network™ IEEE J. Solid State Circuits, Vol. 39, No. 12, 2003.

A. Inami, C. Sugimoto, R. Kohno, “Performance analysis of equalization and
interference cancellation by adaptive digital filter for UWB-IR system inside a
vehicle,” IEEE Conf. Information Theory and its Applications, pp. 209-214, 2010.
W. Green, P. Marilynn, “adjacent frequency coding technique for decreasing mb-
OFDM UWB interference to other radio services,” IEEE Sarnoff Symp., pp. 1-4,
2006.

T.W. Fischer, B. Kelleci, S. Kai, A.I. Karsilayan, E. Serpedin, “An analog approach
to suppressing in-band narrow-band interference in UWB receivers,” IEEE Trans.
Circuits and Systems, pp. 941-950, 2007.

G. Cusmai, M. Brandolini, P. Rossi, F. Svelto, “A 0.18-um CMOS selective
receiver front-end for UWB applications,” J. IEEE Solid-State Circuits, pp. 1764-
1771, 2006.

C. Liao, S.I. Liu, “A broadband noise-canceling CMOS LNA for 3.1-10.6-GHz
UWRB receiver,” IEEE Custom Integrated Circuits Conf., 2005.

K.W. Wong, A. Arasu, W. Chan, “A 90-nm CMOS LNA for MB-OFDM UWB in
QFN package” IEEE Radio Frequency Integrated Circuits Symp., pp. 497-500,
2008

Chapter I: Introduction -7-


http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/xpl/articleDetails.jsp?tp=&arnumber=1618616&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3DUWB+data+rate
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/xpl/articleDetails.jsp?tp=&arnumber=1618616&contentType=Journals+%26+Magazines&searchField%3DSearch_All%26queryText%3DUWB+data+rate
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/xpl/RecentIssue.jsp?punumber=22
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/xpl/RecentIssue.jsp?punumber=22
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/xpl/mostRecentIssue.jsp?punumber=5640322
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/xpl/mostRecentIssue.jsp?punumber=4470168
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.Fischer,%20T.W..QT.&newsearch=partialPref
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.%20Kelleci,%20B..QT.&newsearch=partialPref
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.%20Kelleci,%20B..QT.&newsearch=partialPref
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.%20Karsilayan,%20A.I..QT.&newsearch=partialPref
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.%20Karsilayan,%20A.I..QT.&newsearch=partialPref
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/xpl/RecentIssue.jsp?punumber=8919
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/xpl/RecentIssue.jsp?punumber=8919
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.%20Brandolini,%20M..QT.&newsearch=partialPref
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.%20Brandolini,%20M..QT.&newsearch=partialPref
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.%20Svelto,%20F..QT.&newsearch=partialPref
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.%20Annamalai%20Arasu,%20M..QT.&newsearch=partialPref
http://ieeexplore.ieee.org.proxy.bib.uottawa.ca/search/searchresult.jsp?searchWithin=Authors:.QT.%20Annamalai%20Arasu,%20M..QT.&newsearch=partialPref

[13]

[14]

[15]

[16]

[17]

E. Bertran, M.S. O'Droma, P.L. Gilabert, G. Montoro, “Performance analysis of
power amplifier back-off levels in UWB transmitters,” [EEE J. Consumer
Electronics, pp. 1309-1313, 2007.

G. Sapone, G. Palmisano, “A 3—10-GHz low-power CMOS low-noise amplifier for
ultra-wideband communication,” IEEE Trans. Microwave Theory Tech., pp. 678-
686, 2011.

O. Abedi, M.C.E. Yagoub, “CS-UWB-LNA with inverse ICPF filter in 130nm
CMOS,” submitted to /IET J. Communications, April 2012.

O. Abedi, M.C.E. Yagoub, “Efficient UWB filter performance for multi-band UWB
LNAs,” submitted to IEEE Communications, July 2012.

0. Abedi, M.C.E. Yagoub, A. Abedi, “Enhanced UWB CS-LNA with inverse filter
and shunt feedback resistor in 130nm CMOS,” IEEE Int. Conf. on Signals, Circuits
and Systems, pp. 1-6, 2009.

[18] O. Abedi, M.C.E. Yagoub, “Comparison of ultra wide-band pulse modulation

[19]

scheme performance under white Gaussian noise channels,” Accepted for
publication in Int. J. of Microwave Science and Technology.

O. Abedi, M.C.E. Yagoub, “Performance comparison of UWB pulse modulation
schemes under white Gaussian noise channels,” Int. Conf. Modelling and

Simulation, pp. 1-7, 2012.

Chapter I: Introduction -8-



Chapter 2 Filter Design for UWB-NBI Applications

2.1 Introduction

In ultra wide-band NBI cancellation, filters play a key role in the overall system
performance. For that purpose, two kinds of filters should be investigated namely, 3-
7GHz band-pass filters and 5-6GHz stop-band filters. Furthermore, those filters should be
multi-channel filters with high sharpness with respect to pass-band flatness, attenuation,
and element size.

Because active filters need to be supplied (which can add additional noise to the
system response), have low-frequency response, and are sensitive to element tolerances
[1], we focused only on passive filters.

In existing works [1], the focus was made mainly on filter response, size, and
sharpness rate, to design UWB filters. No deep investigation has been achieved to select
the most appropriate filter for efficient wide-band NBI cancellation. Therefore, we
designed in Cadence different types of passive filters and compared their performance
with respect to several key design parameters such as frequency response, sharpness rate,
reflection coefficient, phase linearity, group delay, element size, and circuit topology
(series/parallel). We also explored different design techniques, such as the zigzag

method, to reduce the number of inductors in the circuit to further decrease its size.

2.2 Filter design parameters

A filter is a frequency selective circuit. Its design objectives depend strongly on its
application. For instance, in some applications, pass-band ripple is critical (such as in
image filters) [2], while in other applications, sharpness and integrated space is critical,

which pushes the designer to use filters with higher sharpness [3].
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Radio-frequency filters can be classified into five groups: low-pass filters (LPF), high-
pass filters (HPF), band-pass filters (BPF), stop-band filters (SBF), and all-pass filters
(APF) [4].

There are many transfer functions that may satisfy the attenuation and/or phase
requirements of a particular filter. Among them, Gaussian, Bessel, Butterworth,
Chebyshev (type I -ChevI- with higher pass-band ripple or type II -ChevlI- with higher
stop-band ripple [5]), Hourglass, and Elliptic, are the most widely used. Comparing their
performance will help us to select the most suitable for UWB systems. In UWB-NBI

applications, the following criteria should be considered for efficient selection [6]:

e High pass-band flatness (Low ripple),

e High attenuation,

e High sharpness and low-pass edge overshoot with respect to stop-band attenuation
(SBA) and filter order,

e High phase linearity and low group delay.

Another criterion that has to be considered for efficient UWB filter design is the
amplitude/phase distortion. In this work, we focused only on the amplitude distortion
which is more critical (amplitude harmonic attenuation).

Note that for filter initial design, the Filter Design software, Version-3, has been used,
assuming ideal transmission-lines (no losses and infinite Q factor) for the purpose of

comparison.

2.3 Filter Design Steps

Filter design can be achieved through two steps [7]: approximation and synthesis.
Filter approximation usually depends on filter specifications, such as ripple, SBA, corner
frequency, stop-band bandwidth (SBW), band-pass bandwidth (BPW), sharpness, filter
circuit configuration (symmetry, type of source). Usually, we start with an initial design,

which assumes that all passive elements are ideal (i.e., inductors and capacitors have
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infinite Q factor). Filter synthesis is based on a given transfer function, called H(s), where
s = jow is the complex frequency. Filter design starts by designing a LPF prototype and
then converting it to the required type. This well-known process is detailed in [8].

In Table 2.1, we summarized the main characteristics of the different types of filters
we investigated with regard to their application as input matching network of UWB low-

noise amplifiers (UWB-LNA) [3], [8], [9].

Table 2.1: 3™ order BPF specifications for UWB-LNA input matching.

Rs/Ry L fu fc Amax SBA
Q) (GHz) | (GHz) | (GHz)' (dB) (dB)
Gaussian 50/50 3 7 4.55 0 25
Bessel 50/50 3 7 4.30 0 30
Butterworth 50/50 3 7 4.55 0 32
Chevl 50/50 3 7 4.55 0.01-0.1 <10
ChevlIl 50/50 3 7 4.58 0.01-0.1 <10
Elliptic 50/50 3 7 4.58 0.01-0.1 <10
Hourglass 50/50 3 7 4.55 0.5 <10

) fc can be different (some filters have to be optimized to meet band-pass conditions).

In this table, Rs refers to the input impedance and R, to the load impedance. f¢ is the
cutoff frequency of LPF and HPF whereas f; and f; stand for the lower and the upper
cutoff frequency of BPF and SBF, respectively. In Table 2.2, we did the same for
multiband UWB low-noise amplifiers (MB-UWB-LNA). To be consistent, all filters are
assumed working with voltage sources and be symmetrical. Neither delay equalization

nor bias sources were considered.
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Table 2.2: 1% order SPF specifications for MB-UWB-LNA input matching.

Rs/R; 7 fu fe A SBA

Q) (GHz) | (GHz) | (GHz)' (dB) (dB)
Gaussian 50/50 5 6 5.48 -—- <10
Bessel 50/ 50 5 6 5.50 <10
Butterworth 50/50 5 6 5.48 -—- <10
Chevl 50/ 50 5 6 5.47 0.01-0.1 |<15
Chevll 42 /40 5 6 5.50 0.17 <10
Elliptic 45 /40 5 6 5.50 0.17 <10
Hourglass 45 /50 5 6 5.48 0.17 <10

’ fc can be different (some filters have to be optimized to meet band-pass conditions).
ChevIl: SBW = 475MHz. Elliptic: SBW = 473MHz and Hourglass: SBW = 475MHz.

2.4 Gaussian Filters

Gaussian filters are well known for their high flatness baseband, high stop-band

attenuation (SBA), and low group delay [9].

Their transfer function is inversely proportional to the square root of the McLaren

. . 2
series expansion of e’ [10]

2

H(s) =ﬁe”‘z (2.1)

where o is the standard deviation of the distribution assumed with zero mean.
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2.4.1 Gaussian BPF

To investigate the Gaussian BPF filter performance, we first simulated its magnitude
response vs. the circuit order (Fig. 2.1). Then, the variation of the input impedance (Z;,)
versus frequency (Fig. 2.2) shows that this parameter is almost independent of the filter
order. As for the input reflection coefficient (Fig. 2.3), it shows a narrowband
performance indicating lower efficiency in wideband applications.

From these results, we can see that the 3™ order Gaussian filter can be the best
compromise due to its sharpness in lower orders. Its corresponding shunt/series
topologies are given in Fig. 2.4. However, the Gaussian filter is not acceptable for our

purpose due to inductor size.

2.4.2 Gaussian SBF

In MB-UWB-LNA applications, different stop-band filters can be considered in terms of
inductor size, sharpness, and low order. As for the Gaussian BPF, we simulated the SBF
response, reflection coefficient and phase for different filter orders (Figs. 2.5, 2.6 and 2.7,

respectively).
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Fig. 2.1: Gaussian BPF magnitude for 1%, 2™, 3", and 4™ order configurations

Chapter 2: Filter Design for UWB-NBI Applications -13 -



— 1st —3rd 4th
500 -
400 A
300 -
g o
E 200 - \ ol
N "
100 - \\ \, //
N, S ~
0 \._I/’ ' | "“‘"~----I~----\..... e .
0 2 6 8 10 12 14
Freq(GHz)

Fig. 2.2: Gaussian BPF input impedance for 1, 3", and 4™ order configurations.
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Fig. 2.3: Gaussian BPF reflection coefficient for 1%, 2nd, 3rd, and 4™ order configurations.
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Fig. 2.4: 3" order Gaussian BPF, a) Series, b) Shunt topology.
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In order to suppress the WLAN spectrum frequency band (5-6 GHz), the 1% order SBF
(Fig. 2.8) could be retained because of its good attenuation and minimum number of
inductors involved (the stop-band attenuation is smaller than 10dB, enough for our
purpose). However, both configurations are not acceptable. In fact, the series
configuration is not a good option due to its higher overshoot in the desired bandwidth
(3-5GHz and 6-7GHz), while the shunt topology has indeed a better performance in terms

of sharpness but with higher inductor size.
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Fig. 2.5: SBF Gaussian magnitude for the 1%, 2", 3, and 4™ order configurations
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Fig. 2.6: SBF Gaussian reflection coefficient for the 1% 2nd, 3rd, and 4™ order
configurations
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Fig. 2.7: SBF Gaussian phase for the 1%, 2™, 3, and 4™ order configurations
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Fig. 2.8: 1* order Gaussian SBF, a) series b) shunt topology

2.5 Butterworth Filters

The Butterworth transfer function is expressed in terms of odd/even functions [11]

= .1 even n
s*+(2sinf, )s+1 2k -1
H(S)= 0 = T k=12,.n (2.2)
n—1 k

dd n

— o . 0
s+1 s*+(2sinf,)s+1
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Because the Butterworth transfer function derivatives are zero at o= 0,

o|H, w)| -
&W (1+W2n )3/2

(2.3)

This filter shows an excellent flatness in band-pass (lowest ripple). Also the filter slope

rate is directly related to filer order (20n dB/decade) according to

|H,, (iw)| = WLZ H (i), =—20nlogw (2.4)

2.5.1 Butterworth BPF

Figure 2.9 shows that a Butterworth BPF gives maximum flatness in pass-band but its
sharpness slope rate is worse at the highest part of the filter bandwidth (5-7GHz)
compared to the lower side of the filter bandwidth (3-4GHz).

Figure 2.10 shows that the SBA is directly dependent on the filter order and thus, the
1*" order Butterworth BPF is enough to meet our specifications (> 10dB in stop-band
attenuation). Figure 2.11 shows the equivalent shunt/series topology of the 3 order filter.

However, the shunt topology is not acceptable due to its higher inductor size and also
because it will add a parallel capacitor to the next stage (the core LNA block).

For further investigations, we simulated the circuit with real elements and the results
are shown in Fig. 2.12. From this, we can conclude that a maximum flatness has been
achieved in the desired pass-band, but it is not critical in our purpose. Note that there is
6dB magnitude difference between the Cadence simulation using real elements and the
ideal filter solution, which depends on the load voltage divider.

We can also conclude that the Butterworth BPF presents very low sharpness and thus
is not suitable for our purpose (narrow-band interference cancellation). Also, the inductor

size 1s larger in comparison with the other filter types.
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Fig. 2.12: 3 order Butterworth BPF with real elements a) magnitude (dB), b) Zoom in
the bandwidth.

2.5.2 Butterworth SBF

As for the filters we already investigated, we plot the frequency response, reflection
coefficient and phase of a Butterworth SBF for various circuit orders (Figs. 2.13, 2.14
and 2.15, respectively).
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Fig. 2.13: Butterworth SBF magnitude for various filter orders.
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Fig. 2.14: Butterworth SBF reflection coefficient for various filter orders.
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Fig. 2.15: Butterworth SBF phase for various filter orders.

From these figures, the 2" order Butterworth SBF shows excellent stop-band
attenuation (its shunt/series topologies are displayed in Fig. 2.16). However, this
characteristic is not critical for our application. Most important, its reflection coefficient

in desired stop-band is lower compared to other filter types.
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Fig. 2.16: 2™ order Butterworth SBF, a) shunt b) series elements
2.6 TypeI Chebyshev filters

Butterworth and Gaussian filters have indeed a maximum flatness but they do not have
a high sharpness with respect to filter order. The Chevl filter suppresses this issue.
Furthermore, it has an equal ripple in desired pass-band, where ripple period is directly
related to the filter order. Chevl filter transfer function can be expressed as [5], [12].

|H(iw)| = 1 1

+82T2 (W) 2 Amax = 1010g(1+82) (25)

L o<t (w)<1 0<w<1
T, (w)=cos(ncos™ w) with n=1,2... (2.6)

<
" T (w >1 |w| >1
where w is the normalized frequency and A4, the maximum ripple amplitude. There is a

direct relation between stop-band attenuation (SBA), ripple amplitude, element size and
filter order. By reducing the ripple, the element size will increase. Compared to other
filters, Chevl has the highest sharpness with reasonable attenuation, minimum ripple and
inductor size/number [13], [14], [15].

Chebyshev and Butterworth filters are known as pole filters, which do not have zeros.
However, in Butterworth, the poles are placed in circular position while Chebyshev poles
are placed in elliptic position. Whenever, the Chebyshev poles are closer to the imaginary
axis, which indicates higher inductor size along with higher ripple amplitude (not ripple

bandwidth) and sharpness.

Chapter 2: Filter Design for UWB-NBI Applications -21-




2.6.1 Chevl BPF

We simulated the Chevl BPF response and reflection coefficient as function of the
filter order and maximum ripple (Figs. 2.17, 2.18 and 2.19, respectively). As shown, the
3 order filter with higher ripple (i.e., 0.1 dB) presents the highest sharpness and lowest

attenuation. However, targeting more flatness will lead to higher inductor size.
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N
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Fig. 2.17: Chevl BPF gain for various order and max ripple
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Fig. 2.18: Chevl BPF reflection coefficient for various order and max ripple.
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Fig. 2.19: A three cell BPF chevl filter with shunt and series elements (4, = 0.1dB).

2.6.2 Chevl SBF

The Chevl SBF filter shunt topology cannot be retained since the size of its inductors
exceeds the circuit integration limitations (> 10nH). On the other side, Chevl SBF series
topology has reasonable SBA, excellent reflection coefficient, higher stop-band response
for higher orders (> 2) and good sharpness compared to other filters (Figs. 2.20 and 2.21,
respectively). By reducing ripple, the inductor size decreases along with sharpness.
However it adds larger capacitor to the circuit instead. Such large capacitor reactance will
add more parasitic effects in IC integration processing and therefore, making simulation
results quite different from layout simulations due to higher area connection. So we

selected the 1* order Chevl SBF with a ripple of 0.1dB (Fig. 2.22).
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Fig. 2.20: Chevl SBF gain for various filter order and maximum ripple.
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Fig. 2.21: Chevl SBF reflection coefficient for various filter order and maximum ripple.
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Fig. 2.22: 1 order ChevI SBF, a) series, b) shunt topology

2.7 Type II Chebysheyv filters

Type I Chebyshev (or Chevl) and Butterworth filters are pole filters while Type 1I
Chebyshev filters (or Chevll) have maximum flatness (lowest ripple) in pass-band and

equal-ripple in stop-band [8]. ChevlIl transfer function and order can be expressed as

ol

. 2 w

\H , (iw)|” = ” 2.7)
1+52Tf( Cj

w
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al/10
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& Ja cos"lh[w"j
w

where w/w, =w, is the normalized frequency.

2.7.1 Chevll BPF

In Chevll BPF, there is a tradeoff between SBA, sharpness and inductor size. A
preliminary investigation helped us to setup the optimized SBA value in the range of 8-
10dB. According to a Monte-Carlo simulation, the inductor size increases by 10% with
50% reduction of SBA, resulting in higher flatness. Also, Chevll BPF required higher
number of elements compared to other same order filters (e.g., the 3™ order needs 8
elements as in Fig. 2.23). Also the inductor size will increase. In fact by simulating the
third order, we found that reducing SBA will increase the inductor size (e.g., for the
lowest case SBA = 7dB, we obtained an inductor value of 5SnH). In addition, it shows that

SBA is more significant in the higher part of the spectrum (Fig. 2.24).
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Fig. 2.23: 3" order ChevIl BPF, a) series b) shunt topology.
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Fig. 2.24: 3™ order ChevIl BPF magnitude response for various SBA

2.7.2 Chevll SBF

Satisfying the stop-band bandwidth (SBW) requirements is our main design goal in
designing SBFs. First and second order stop-band Chevll filters achieved only a
maximum SBW of 500MHz (Fig. 2.25), while for the 3 order (Fig. 2.26) it increases to
900-950MHz. However, this improvement was achieved at the expense of lower
attenuation (15dB), higher number of elements and higher ripple. Again, there is a trade-

off between attenuation and sharpness as shown in Fig. 2.27.
2.8 Bessel filters

Bessel filters are well known as delay filters with ideal phase [2], [8]. This type of
filters has some advantages, such as linear phase and excellent stop-band attenuation.
However, to achieve higher sharpness, it requires higher order, which is not acceptable
for our design. Furthermore, the inductor size is larger compared to similar configurations

and there is an overshoot in the pass-band edge.
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Fig. 2.25: Chevll SBF magnitude response for various filter orders.
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Fig. 2.26: 3" order ChevIl SBF magnitude for various stop-band bandwidths (SBW).
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Fig. 2.27: Chevll SBF reflection coefficient for various filter orders.

2.8.1 Bessel BPF

Figures 2.28, 2.29, 2.30, and 2.31 show the Bessel BPF response, reflection coefficient
phase and delay, respectively. From these figures, we can conclude that the 3 order
Bessel BPF cannot be retained. It indeed has the highest SBA, but not enough sharpness.
Furthermore, its element sizes (Fig. 2.32) are higher compared to other filter types, which

prove again that the Bessel BPF is not suitable for our purpose.

2.8.2 Bessel SBF

In Bessel SBF design, shunt topology is preferred due to smaller inductor size. From
Figs. 2.33, 2.34, and 2.35, which show its respective response, reflection coefficient and
phase, we can say that the 2™ order could be the best choice. However, simulating its
schematic (Fig. 2.36) highlighted the fact that it exhibits different frequency responses for
shunt and series elements. Also, the capacitor sizes are large, which is a big issue for

layout.
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Fig. 2.28: Bessel BPF response for various orders.
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Fig. 2.29: Bessel BPF reflection coefficient for various orders.
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Fig. 2.30: Bessel BPF phase for various orders.
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Fig. 2.31: Bessel BPF delay for various orders.
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Fig. 2.32: 3 order Bessel BPF, a) series b) shunt topology
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Fig. 2.34: Bessel SBF reflection response for various orders.
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Fig. 2.35: Bessel SBF phase for various orders.
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Fig. 2.36: 2" order Bessel SBF, a) series b) shunt topology
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2.9 Elliptic filters

The main reason for investigating the Elliptic Filter is its higher sharpness but at the
price of higher inductor size. Pass-band and stop-band Chevl and Chevll filters have
equal-ripples positioned inversely while the Elliptic filter is the only filter that has equal-
ripple in both bands. The elliptic filter transfer function is defined as [16], [17]:

_ 1
w(w —w? )(wy —w?)....(w] —w? -
(=) ) (Wl ) 1
R"(W)_(1—wlzwz)(l—wzzwz)....(l—w,fwz)’k_ 2 > odd (n) 2o
(37 ) (32 )07 ) 22
W)= o —— sk =n/2 0<w <15 even (n
R() (1 wlw)(l wzw).(l wkw)k 1% 0w <l ()

2.9.1 Elliptic BPF

For Elliptic BPFs, the shunt topology is usually preferred due to its lower inductor
size. However, a small series resistor must be added to the shunt inductor to avoid
simulation fatal error. First, a ripple of 0.1dB and a SBA of 10dB have been retained
(Fig. 2.37). Thus, following Figs. 2.38 and 2.39, the third order circuit (Fig. 2.40) appears

to be the best choice.

2.9.2 Elliptic SBF

Elliptic SBFs with even order require n inductors, with n the filter order, while odd
orders require n-1 inductors. To avoid having so large number of inductors, we used the
Zigzag method to design elliptic SBFs [17]. This approach can provide a design with
only one inductor for the entire filter but by adding more capacitors to the circuit. Note
that in even order circuits, the source resistor will be set to a special value (depending on
the filter specifications). Also this technique is useful in applications that are not sensitive

to filter sharpness [17].
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Fig. 2.37: Elliptic BPF magnitude response for various ripples with SBA = 10dB
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Fig. 2.38: Elliptic BPF response for various filter orders (Zoom in)
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Fig. 2.39: Elliptic BPF reflection coefficient for various filter orders
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Fig. 2.40: 3" order Elliptic BPF, a) series, b) shunt topology

Figures 2.41 and 2.42 show the filter response for different orders and ripples. By
increasing the filter order, we can increase its sharpness as well as its SBW. Also, the
even order filter has a higher attenuation compared to the odd order. Thus, by further
obtaining the reflection coefficient at different orders (Fig. 2.43), we can make a tradeoff
between SBW, sharpness, size, and attenuation. Filters with higher order have better
sharpness and stop-band bandwidth (SBW) as well as higher SBA. On the other hand,
lower ripple allows better bandwidth and attenuation (SBA). Therefore, 1* filter order
(Fig. 2.44) can be the best compromise in terms of sharpness, integration space, element

size and stop-band attenuation.
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Fig. 2.41: Elliptic SBF magnitude response for various orders and ripples.
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Fig. 2.42: Elliptic SBF response for various filter orders (A4,,,, = 0.1dB)
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Fig. 2.43: Elliptic SBF reflection coefficient for various filter orders (A4, = 0.1dB)
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Fig. 2.44: 1% order elliptic SBF, a) series b) shunt topology

2.10 Hourglass filters

Hourglass filters are very similar to Chevll and Elliptic filters [18], and can be
considered as particular cases of elliptic filters with constant band-pass/stop-pass ripple
(0.5dB). However, the hourglass filter presents the highest sharpness and stop-band
attenuation compared to other filters with respect to the filter order and inductor size.
Because of its highest sharpness, this filter can be a good candidate for NBI cancellation

but on the other hand, its pass-band ripple (0.5dB) is not so low.
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2.10.1 Hourglass BPF

Compared to Chevl and Chevll filters, Hourglass BPFs have larger element size but
better sharpness with respect to stop-band attenuation. The 3" order BPF response has
significant improvements compared to the 1% and 2" order, with a fixed equal-ripple of

0.5dB (Figs. 2.45 and 2.46). Its circuit is shown in Fig. 2.47.
2.10.2 3" order hourglass BPF with zigzag method

We further investigated the 3™ order Hourglass BPF design while using the Zigzag
method (Fig. 2.48). As expected, the resulting Hourglass filter has less inductors in
comparison with the regular hourglass filter designed in the previous section. However,
the shunt/series circuit topology is not symmetric and does not have equal source and
load impedance. Similarly, lower SBA gives a higher sharpness and less phase linearity
response as shown in Fig. 2.49. Finally, for a given SBA (10dB), design using the zigzag
method has lower magnitude response but a fixed positive equal-ripple of 0.5dB (Fig.
2.50).
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Fig. 2.45: Hourglass BPF magnitude response for various orders with a zoom in/zoom
out the band of interest.
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Fig. 2.46: Hourglass BPF reflection coefficient for various orders
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Fig. 2.47: 3 order Hourglass BPF a) series b) shunt topology (SBA=10dB).
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Fig. 2.48: 3" order Hourglass BPF with the zigzag method: magnitude response for
various SBA.
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Fig. 2.49: 3" order Hourglass BPF with the zigzag method: reflection coefficient for
various SBA.
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Fig. 2.50: 3" order Hourglass BPF: comparison between the usual design approach and
the approach with the zigzag method with SBA=10dB, (Zoom-in)

2.10.3 Hourglass SBF

Based on frequency response and reflection coefficient of different Hourglass SBF
(Figs. 2.51 and 2.52, respectively), the 1% order Hourglass SBF (Fig. 2.53) is the most
suitable over the other Hourglass SBF filters.
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Fig. 2.51: Hourglass SBF magnitude response for various orders.
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Fig. 2.52: Hourglass SBF reflection coefficient for various orders.
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Fig. 2.53: 1* order Hourglass SBF, a) series b) shunt topology

2.11 Comparison between the different filters

In this section, we compared the different responses we obtained for the filters we
designed in order to select the best BPF and SBF for our application. The whole

comparison should include the following specifications:

- Series/shunt topology,

- Maximum element number/size,
- Sharpness,

- Maximum SBA,

- Flatness

- Frequency response,

- Reflection coefficient,

- Phase linearity, and

- Input/output (Zin/Zow) impedance frequency response.

Based on Figs. 2.54 and 2.55, we can reach the following conclusions for BPF:

- In applications where element size and pass-band ripple are not critical, the
Hourglass BPF is a good candidate in terms of sharpness. On the other hand,
Gaussian and Bessel filters have the worst performance, while Chevll and Elliptic

have almost the same performance, especially in the low frequency spectrum.
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- In terms of attenuation, all filters exhibit enough stop-band attenuation. However,
the Butterworth filter has the lowest reflection coefficient in center frequency.

- Gaussian, Bessel and Butterworth filters have high phase linearity (Fig. 2.56).

- Chevl, Chevll, Hourglass and Elliptic have reasonable delay group (uniform) in
the desired pass-band frequency spectrum (Fig. 2.57).

- The Z;i, input impedance frequency responses are equal due to symmetric filter
design. Gaussian and Bessel have the worse input impedance frequency response
(Fig. 2.58). On the other hand, Chevl, ChevIl and Hourglass have the best input

impedance frequency response.

Satisfying all requirements is, as expected, impossible, so tradeoffs have to be
considered. Hence, it looks that Chevll and Elliptic are the best candidates to optimize

such tradeoffs. Tables 2.3 and 2.4 summarize our conclusions.
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Fig. 2.54: 3" order filter comparison in terms of frequency response with a zoom out for
the band of interest (4,,.,= 0.1dB, SBA = 10dB, SBW = 4.1GHz).
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Fig. 2.55: 3™ order filter comparison in terms of reflection coefficient
(Amax=0.1dB, SBA = 10dB, SBW =4.1GHz).
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Fig. 2.56: 3" order filter comparison in terms of phase linearity
(Amax=0.1dB, SBA = 10dB, SBW =4.1GHz).
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—— Gaussian —— Bessel Butterworth Chev
—— cheuvll —— Hourglass —— Elliptic
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Fig. 2.57: 3™ order filter comparison in terms of group delay
(Amax=0.1dB, SBA = 10dB, SBW =4.1GHz).

—— Gaussian —— Bessel Butterworth Chev
—— Chenl —— Hourglass —— Elliptic

mag(dB)

Freq(GHz)

Fig. 2.58: 3 order filter comparison in terms of input impedance
(Amax=0.1dB, SBA = 10dB, SBW = 4.1GHz).

As for SBF, Gaussian, Bessel, Butterworth, and Chevll filters show the same
frequency response while Chevl and Elliptic filters have similar performance. So far, the
1** order SBF Hourglass filter has the best attenuation, sharpness and SBW but with a
ripple in stop-band, which is critical for our design purpose (Fig. 2.59).
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Table 2.3: 3" order BPF comparison in terms of filter elements.

Topology Element# | C max | L max
Gaussian Shunt 6 2.8pF 2.6nH
Bessel Series 8 10pF 4.2nH
Butterworth | Series 6 1.56pF 1.98nH
Chevl Shunt/Series | 6 913fF 2.2nH
Chevll Shunt 6-8 1.6pF 2.7nH
Hourglass | Shunt 6-8 4.6pF 1.52nH
Elliptic Shunt 6-8 2.8pF 2.27nH

Table 2.4: 3 order BPF comparison in term of filter parameters.

Filter Type | Sharpness SBA Phase Delay Ripple Zin/Zout
(dB/n) Linearity Frequency (dB) Frequency
(deg) response response

Gaussian * 25-40 ook +++ 0 *
Bessel * 60-70 ook +++ 0 *
Butterworth | ** 30-40 ook + 0 koHAK
Chevl koA 40-70 hoHdkk ++ Fixed to 0.1 | ****
ChevlIl koHkx 40-60 ok ++ 0 oAk
Hourglass | ***** 40-80 ok ++ Fixed to 0.5 | *****
Elliptic koHkx 40-80 ** -+ Fixedto 0.1 | *

* Poor, ** slightly good, *** good, **** very good, ***** excellent

+ Lowest, ++ very low, +++ low, ++++ high
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—— cheuvll —— Hourglass —— Elliptic
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mag(dB)
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Fig. 2.59: Comparison of the frequency response of different 1™ order SBF filters
(SBW =474MHz, A,,.,.= 0.1dB, SBA = 10dB)

2.12 Conclusion

From the above simulations, it has been confirmed that reduction in inductor number
(through the zigzag technique) produces more capacitors in the circuit, which causes
lower frequency response and sharpness.

Also, the obtained results have shown slight differences with regard to the conclusions
stated in some references we used. For instance, some references claim that Elliptic filter
has the best sharpness, and therefore should be the best candidate for UWB-NBI
applications. However, they did not consider its poor performance in pass-band ripple vs.
element size and attenuation vs. filter order [17]-[19].

These considerations led to the fact that, in our case, the elliptic filter is indeed not the
best candidate in terms of sharpness, inductor size and filter order. Finally, we have
chosen the Hourglass and Chevll BPF as best candidates with respect to their high
sharpness, attenuation, filter order, and inductor size. However, each one may have
disadvantages such as group delay, pass-band-edge overshooting and ripple.
Nevertheless, these issues are not critical in our desired application. As for stop-band

filters, they will be further investigated in Multi-band UWB-LNA applications.
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Chapter 3 UWB-LNA Configurations

3.1 Introduction

Input matching is one of the key parameters in low-noise amplifier (LNA) design.
Beside noise figure and gain, it also affects linearity and power consumption. In this
section, the filters designed in Chapter 2 will be used as input matching network of
various UWB-LNA configurations such as common source (CS) and common gate (CG)
and the performance of these combined circuits evaluated in terms of input reflection
coefficient, gain, input/output isolation, noise figure, and linearity.

However, a component-level design should be first performed to adjust the active

device electrical/physical parameters in the light of our design objectives.

3.2 Transistor Parameters

Since transistor parameters have a direct impact on circuit performance, the first step
is to adjust such parameters for optimal LNA design. For this purpose, a 6.4GHz
narrowband CS-LNA in 130nm CMOS technology was simulated. The choice of CS
instead of CG is mainly based on the fact that common-source LNAs are simpler to
design and can easily achieve high gain in the UWB frequency spectrum [1]-[3].

Note that we used the Cadence IBM-CMOS 130nm processing kits in our simulations.

3.2.1 Transistor size

To reach maximum gain in LNA core and buffer as well as maximum current in
current mirror networks, transistors should be in saturation [4]. Find the optimal transistor
size is a trade-off between power consumption and input matching. By increasing the

transistor size (with fixed transistor length, i.e., by only increasing the width), the current
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and parasitic capacitors will increase, thus requiring higher inductor degeneration to
cancel the parasitic capacitors for input matching and even increasing the power

consumption (assuming that the transistor threshold voltage V, is fixed for core LNA

transistors [5], which is not true but slightly related to bias [6]. Note that a lower V, gives

better linearity but also lower gain and higher noise figure [7]).
3.2.2 Inductor degeneration for matching

Several methods have been proposed to optimize the input matching of narrowband
LNAs with respect to circuit complexity, power loss and integration issues (size and
number of inductors ...) [5], [8]. Among them, one of the most used narrowband
matching techniques is the inductor degeneration approach [9]. As shown in Fig. 3.1, this

method requires two inductors, which values are obtained by

— L
Z, =—l+ist +h+ijg =50 Ohms
w gs Cgs
RC 1 RC
— L=—"%;L = - (3.1)

g, ° Cw g,

where R, is the source resistance.

3.2.4 130nm transistor cut-off frequency

In transistor circuits, the transistor cut-off frequency, given by [9]

fr==Sn_, (3.2)

is usually set to a high value. To illustrate that, let us consider a generic 130nm NMOS
transistor, with width of 80um, length of 120nm and 35 fingers. Moving from the 180nm
to the 130nm technology will indeed increase fr but at the same time, degrade the noise
figure by almost 0.2dB [10]. So accurately evaluating f7 will give a solid base for
efficient LNA design.
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" L%H%

Fig. 3.1: Inductor degeneration input matching for CMOS transistors

There are different methods to evaluate fr namely, the DC simulation, the AC simulation

and the small-signal simulation (through the H,; parameter) [11].

f, =20log ™ = 0; (AC)
1.

m

W
£ = 252 (DC)—> g, = /2,ucoxfld (3.3)

fT :2010g(H21):0; (H21)

Note that the value of fr obtained through DC simulation can be used as estimation.
Figure 3.2 shows the result obtained by the H,; method, as well as the topology used to
evaluate f7. From these figures, we found f7 = 145GHz at I; = 2mA for this particular
transistor. Obviously by increasing the transistor biasing current or width, fr will increase
but with lower frequency response and higher power consumption. Table 3.1 specifies the

active/passive element values used for this generic example.

3.2.5 Optimum number of transistor fingers

Minimum noise figure is strongly related to the gate resistor which is in turn directly
related to the transistor width (thus to number of fingers) [12] (Fig. 3.3-a). By increasing
the number of fingers (FN) from 1 to 100, the gate transistor R, is reduced and thus the
noise figure (Fig. 3.3-b). In addition, increasing the number of fingers will increase the

current and the substrate effect (Figs. 3.3-c, 3.3-d, and 3.3-e).
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The best way to minimize the noise figure (NF) is to optimize the current with a trade-
off between linearity, gain, and power consumption. In fact, Fig. 3.3 shows that an
optimum number of fingers in the range of 35-40 will reduce NF, R,, and Cg, and

increase g, and f7.

I_hias .
\ T I l I_ref
. L] #
Ll ) i
® R o T hias 1 AnH } I
12
15f 4 @ 1 e
| A s ].D]{ 1.5 -
Bhyed £ L7 B & . 5T e .I el
}18 L é E- J ] : .
- 5 T_sin
p - -
15 :
@
a)
Expressicns M
15340 0T
1443, 63 :
: A
145,60 r y
141,805 -
137,605 ¢ I i }
1.58m 1.88m 2.108m 2.am
Id
TG TS BI6E)
b)

Fig. 3.2: f. calculation in a) configuration, b) A, analysis
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Table 3.1: Design elements used in Fig. 3.2 in 130nm technology

T biasing T sim Others

W=100um (40, 2.5um) W=100u (40, 2.5um) [ ref=2mA

L=120nm L=120nm Vdd=1.2

FN=40 FN=40 L load=1.64nH (Q=15)

—— 100u, FN=1 ——100u, FN=10

100u, FN=40

100u, FN=80 |

45 ~
40 -
35 A
30 A
25 A
20 A
15 -
10 -
5_

NF(dB)

single finger

— with fingure

0

100 120
Freq(GHz)

140

160 180 200

a)

15
14.8
14.6 -
14.4
14.2 A

14 -
13.8 A
13.6
13.4 4
13.2

Rg (ohm)
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Fig. 3.3: a) Noise figure, b) R, ¢) g, d) Cgs and €) fr of a CMOS 130nm transistor with
CS topology for various number of fingers (fin)

Ft(GHz)
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3.2.6 Maximum W/L ratio and fingers in current mirrors

The current mirror is governed by the width/length transistor ratio

5L _miL
12 VV2/L2

By choosing the same transistor length, this ratio is directly related to the transistor
widths. The current mirror ratio used to provide current to cascade was 1:5.
Practically, for low noise amplifiers, this ratio could not be more than 5 and transistor

number of fingers cannot exceed 25 due to shot noise.
3.2.7 Voltage distortion and DC bypass capacitor

DC bypass capacitors isolate RF from DC. The value of such capacitors should not be
very large due to layout consideration. In fact, when this capacitor is large, its equivalent
circuit presents some parasitic inductive effects which can degrade the input matching
network performance (in the ideal case, 1-10pf range is acceptable).

Another biasing consideration is the voltage distortion capacitor [13]. In circuit
simulations, this capacitor does not play a significant rule but according to [14], it could
be an issue in layout simulations.

Note that a frequency selective technique was used namely, the integrated inductor

characterization for tank simulation (single center frequency selection).
3.2.8 130nm Component Characterization

The cited NMOS transistor was simulated to obtain the noise figure and f7 curves. The
maximum fr occurs at approximately 40mA, while the minimum noise figure occurs at
approximately 2.3mA. This results in a noise density of approximately 28uA/um. The
used test bench was composed of a single transistor with a non-ideal current mirror, an
RF chock connecting the transistor to the bias (V,,), as well as two input/output DC

blocking capacitors (Fig. 3.2).
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3.3 NMOS 130nm Cascade Amplifier Characterization

In a next step, a cascade configuration was designed to increase the dominant pole
frequency by adding a second transistor as load (core LNA). The cascaded transistor is
chosen to have the same width as the main transistor. However this can be adjusted based
on the final design requirements. Note that adding this transistor reduces the gate-drain

capacitance, which can limit the circuit performance due to the Miller effect [5].
3.3.1 Transistor Width

To find the transistor width that gives the best tradeoff between input matching and
noise figure, we assumed a §,,<-254dB to match with practical UWB-LNA

requirements [13]. Note that a higher S;; is desirable but this affects other LNA trade-
offs, especially the integration space (higher filter order), circuit complexity and power
loss. This was done by varying the transistor width while keeping the same current
density. The width should be increased until the normalized real part of the available
minimum gain, G,,;, reaches unity [15]. From Table 3.2, we can conclude that the best
width would be 185um. However as mentioned, due to power consumption
considerations and other design tradeoffs like linearity and noise figure, the optimum

transistor width size has been found to be in the range of 100-120um.

Table 3.2: Choosing the transistor width

Width Current Re (Gin)
100um 2.90mA 1.53
150um 5.20mA 1.20
175um 8.40mA 1.12
185um 9.26mA 1.06
190um 9.5ImA 1.04
200um 10.10mA 0.92
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3.3.2 Degeneration inductor

According to the inductor degeneration equation [9], the initial L, and L, values are

Lsz—RSCdS=14OpH and L, =— Z—RS—C”’S=6-7 nH.
gm & Cdsw gm

However, those results ignore some minor parasitic effects; so it could be considered
as a first approach. The simulation test bench used to find the optimal L; was similar to
the one for the cascade amplifier, with an inductor connected at the transistor source. The
inductor was swept from 100pH to 2nH, step size of 1pH, and at 115pH, the input
resistance is found close to 50 ohms. However, with the addition of a buffer at the output,
the input reflection coefficient shifted and L, had to be recalculated; but the variation was
found negligible.

Figures 3.4 and 3.5 show the test bench for both inductors as well as the quality factor
Q, tested at 6.4GHz.

Expressions

4 W 4.6n
g © 3.0n
- e g ]

- = \

26 ©2.6n
9 SO7 1.8n
A B, 1
0.6 - B = 0.0
1G 100G 1006

i freq ( Hz )

slta; .
slnnRr —1R&E. 790

R4R4330C 115 7740

Fig. 3.4: Characterization for Ls=115pH.
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B (R 4410R7 F.BA7230) slnne: —4R7 ABRN
Fig. 3.5: Characterization for Lg=6.8nH
3.4 Tank Circuit
Using the following equation for the quality factor, [9]
Im(Zin) = Im(Zin) R,
0= —L=—" - R, =0wL, R, ~— (3.4)
Re(Zm) w 0

a tank inductor of approximately 1.66nH was selected (Fig. 3.6). When characterizing the
inductor, it is important that the maximum Q is not perfectly centered at the frequency of
operation (6.4GHz). This is because Q drops significantly after reaching its peak value.
The peak Q is 17 and is located at approximately 9 GHz, which is almost one and half the
center frequency to increase its independence to processing variation. From Fig. 3.6, at

6.4GHz, the tank inductor has an inductance of 1.7nH and a Q of 15.3.
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13.0 s f 2.6n
0.00 F 1.0n
560 R B~ 1
1G 196 1660
Treq L\ HZ }
A %5.4@44-5(3 15.41Z) delta: {TH.9Z7IM —1%.47Z]
3: (6.41538G 1.7894En) slope: —1.4184 14

Fig. 3.6: Characterization of the 1.66nH Tank Inductor

Then, we determined the appropriate tank capacitor that oscillates at corner frequency

(6.4GHz) with this inductor (C,,, :%L =370fF @ f =6.4GHz). Simulation showed
w

that the required tank capacitor at 6.4GHz is 200fF. As expected, this is different from the
above calculated value since the above equation is only a rough estimate and does not

include the parasitic capacitance effects from both the cascade and the inductor.
3.5 Design Calculations

The initial design was optimized for minimum noise. Therefore, we expected large
power consumption along with a small noise figure. This gave us some room to later
improve the power consumption, while slightly worsening the noise figure and other
LNA requirements. A second design was then performed to achieve a minimum possible

power while still meeting most design requirements.
3.5.1 Gain

As for the gain, we assumed that the buffer has a unity gain and then, can be excluded

from the gain calculation.
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Note that it is practically impossible to achieve a buffer gain greater than 70%. Also,
the cascade transistor has very little influence on the amplifier gain and therefore, the
input transistor is the only one which conditions the gain. To find the gain, we used the

following equation where R), is the real part of the load resistor

R
5 :Mx Av x Av R,=0wL 3.5)
RSWOCgs

1

From calculations, a 17dB gain was expected. However, we obtained a gain of
approximately 13.8dB. This difference is likely due to gain reduction in other parts of the
circuit that were not included in the calculation, such as buffer. For instance there is a Cg;
at the output buffer that causes an extra parasitic parallel resistance to appear with Rp.

With this gain, the linearity requirement was satisfied.

3.5.2 Noise figure

Regarding the noise figure, an assumption was made that the cascade transistor as well
as the buffer do not have significant influence on the circuit noise figure [16]. Therefore,
the calculation was an estimate that considers only the single transistor configuration.

Using the following noise figure equation from [17]

Foo~1423L (3.6)

T

we found an estimated minimum noise figure of 1.24dB, very close to the simulation
result. This was expected since the minimum noise figure was calculated based on having

an optimal width and number of fingers for the transistor, what we already achieved.

3.5.3 Output impedance

The output impedance Z,, was calculated based on the source-follower output

resistance equation.
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Since the current mirror transistor has a g of 1.97mS and the buffer transistor has a

gn of 35.89mS, we obtained a real part of

re[Z,,]= Loyt ! =26.4Q (3.7)

gds _mirr gm _buffer gds _mirr + gbu/]ér

while the imaginary part was much smaller and thus, neglected. The simulated output

impedance was 22 (), so quite close to the above estimation.

3.5.4 Power Dissipation

Consummated power is a crucial design parameter since, especially in wireless
devices, battery life is a key issue to consider. There are two current mirrors: one for the
cascade amplifier and one for the output buffer (Fig. 3.7). The first power was calculated
using the current value designed for the cascade amplifier for minimum noise figure. As
for the second power dissipation, the output buffer was also designed for minimum noise,

i.e., with 2.3mA current. Thus, the total power is given by:

POW@T" = VCC(IbLgf' + Imirrl + Icascode + Imirr2 )

Power=12(1. .+T . +1 . +1 \=42mWw (3.8)

3.58mA

The simulated power was found to be 3.4mW, close to the above theoretical value.

3.5.5 Linearity

The linearity can be calculated using [5], [18]:

=
93
~
+
——
N
2
h
~
+
VR
N
2
h
~—

(3.9)
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where Rg,; represents the degeneration inductor series resistor. With g,=17msS,
L=L=128pH, and Q=15, we obtained v, ,=-9.95dBm.

Thus, the simulated IIP3 point was found to be at -12.15dBm. The difference is likely
due to the fact that some effects were not considered. In fact, linearity is affected by
many factors such as tank circuit, cascade and buffer gain, and power consumption.
Higher tank inductor requires higher buffer transistor width and then higher current, thus

lower linearity.
3.5.6 Design Topology and Results

The final narrowband LNA (NB-LNA) circuit is shown in Fig. 3.7. The circuit shows
two current mirrors: one cascade current and one buffer current. The cascade is composed
of two transistors of width of 120um, built with 3um fingered transistors (FN=40), while
the output buffer has been built with W=140um and 3.5um fingers (FN=40). Also a

current mirror transistor with width of 100um/20um was used.

3.6 S-Parameters Design Results
3.6.1 Noise Figure

Fig. 3.8 shows the noise figure of the designed NB-LNA. We can see that the
minimum attainable noise figure at 6.4GHz is 2.1dB while this design gave us a noise

figure of 2.17dB. So the design has been matched to noise.
3.6.2 S;1 and S, parameters

Fig. 3.9 shows a Sy; of 13.9dB and a S;; of -31.57dB. Note that we focused on
minimizing the noise figure and power consumption. Fig. 3.10 shows that both S;; and
noise figure have minima at 6.4GHz. This means that this design is simultaneously noise

and power matched at the design frequency (6.4GHz).
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Fig. 3.7: Narrowband schematic Common source UWB LNA
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Fig. 3.8: Noise figure for narrowband LNA
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Table 3.3: NB-LNA Components:

Current Mirror Cascade AMP RF Buffer
T3 T1 - FN=40 C2=5pf RL=300Q
FN=10 W=3um (DC blocker) L load=1.447nH
W=2.5um L=120nm RB=5Q C load=256fF
L=120nm
I LNA & I buffer T2 - FN=40 T6: W=10um
100uA W=3um T5 - FN=40
L=120nm W=2.5um
L=120nm
C2=5pf (reduce noise Ls=128pH Rbias=1k Q T4 - FN=40
in current mirror) Lg=6nH (biasing) W=2.5um
VCC=1.2v L=120nm
S—Farameter Response L
821 dB28
20
. . b
Y — B
i)
s
— —28 ¢
e 1 B S R S PR B
4.0G 506 6.0G 7.0 8.6
freq ( Hz )

B:

Ac %5.341556 13.5234)
£.32G —31.5808)

delta: {—Z1.5588M —45.004T)
=lope: Z2.1187u

Fig. 3.9: Sy; and Sy, for noise optimum design.
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Fig. 3.10: S;; and noise figure, showing simultaneous noise and power matching

3.6.3 Output Impedance

From Fig. 3.11, the output impedance Z,,, does not go above 22 ohms, meaning that
the specifications for a maximum value of 30 ohm as output impedance has been met.

This is due to the maximum power P;, to be delivered to the mixer [19], given by

1
LZE

2 Z,
(Z,+R,) +X

out

out 5 Zout = Rout +iXout; 1—1/ = O (310)

where V.

out

is the LNA output voltage and Z; the mixer input impedance.

S—FParameter Response
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Fig. 3.11: Output impedance calculation for noise optimization
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3.6.4 Stability

The Rollet’s factor Ky can be used for stability analysis [9], [20]. For unconditional

stability, Krshould be greater than one and By positive [9]

K. = =[Sl =[Saf +[Af S

(3.11)
! 2|5112‘SV21|

1, Bf =85118% =8,5,>0

Fig. 3.12 shows that at the center frequency Ky is greater than one and By positive.

From these plots, we can conclude that the circuit is unconditionally stable.
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freq ( Hz )

A %SAG B46.79m} defa: 17 Sh.646E]
B: (6.4G 57.4932) slope: undefined

Fig. 3.12: Stability test for CS-NB-LNA

3.6.5 Linearity

Fig. 3.13 shows a 1-dB compression at -23.7dBm and a third order input inter-
modulation point (IIP3) at -12.16dBm. The 1dB compression point was found by
simulating harmonics with a beat frequency of 6.4GHz, while the IIP3 point was found

using a 2-tone test with a primary frequency of 6.4GHz and a second tone at 6.2GHz. The

inter-modulation term was (| f; —2 f,| = 6.6GHz ).
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3.6.6 Specifications and achieved results

A comparison between desired specifications and achieved results is summarized in

Table 3.4.

3.6.7 Monte Carlo simulation

Monte-Carlo simulations were then performed to analyze the performance of the
circuit when fabrication and element tolerances have to be taken into consideration. This
simulation was performed for the noise figure NF as well as the S-parameters.

From Fig. 3.14, we can conclude that S;; and NF are sensitive to tolerances, and
corrections can be made through element and current adjustment. On the other side, S,

S5 (Zowt), and Sy, are not sensitive to tolerances.

Table 3.4: Summary of specifications and achieved results

Specifications Design Initial Design with
Requirements Design Optimized Power

Center frequency | 6.4GHz 6.4GHz 6.4GHz

Gain >12dB 17dB 13.8dB

Noise figure <3dB 2.2dB 2.4dB

Output impedance | <30 Q 26 Q 25 Q

1dB Compression | >-25dBm -23.6dBm -23.8dBm

I1P3 >-15dBm -13.45dBm -13.7dBm

Voltage supply 1.2V 1.2V 1.2V

Total Power Minimized 13mW 3.2mW

Stability Unconditionally | Unconditionally | Unconditionally
Stable Stable Stable
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Fig. 3.13: CS-NB-LNA parameters: a) 1dB compression and b) IIP3.
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Fig. 3.14: Monte-Carlo Simulation results with 100 iterations,
a) Scattering, b) Wave average (NF, S-parameters, Z,y)

3.6.8 Conclusion

A NB-UWB-LNA was designed to operate at 5-7GHz while meeting all given
specifications. Note that increasing the buffer size can reduce S;; and noise as well as
increase gain; however it will also increase the output impedance. Therefore, the size we
used was found to be optimal to meet all specifications.

A resistor was used as buffer current source to reduce the noise figure and allow the
buffer to operate properly using low current. Replacing the resistor with a current mirror
will require approximately 2.34mA of current, while with the resistor, 1.8mA is enough.
But with the resistor, we have limited LNA linearity due to voltage issue. The current
mirror ratio used to provide current to cascade was 1:5.

A small resistor was used to reduce power to the current mirror biasing transistor. The
amplifier transistor was sized to meet specifications. Increasing the width and current
could improve all specifications, except S;;. Thus, S;; would require degeneration
inductor and gate inductor to be re-calculated to optimize noise and input matching.
Similarly increasing the size of the cascade transistor improves S;; and S,; but

deteriorates the output impedance and noise figure.
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The DC blocking capacitor was sized such that it removed most of imaginary
component of the output impedance. Therefore, when calculating the output impedance,

only the real part was taken into consideration.

3.7 Convert Narrowband to wideband UWB-LNA

The final step was to convert the narrowband LNA to wideband LNA using
wideband techniques (Fig. 3.15). Therefore,

e In the cascade section, instead of tank, we used a series inductor and a resistor to
expand bandwidth [21]. Obviously, the resistor will add more thermal noise and
limit the LNA linearity. On the other side, the external resistor will limit the
voltage switching across the cascade transistor but drop the gain in the high
frequency spectrum.

e We introduced a negative feedback to increase bandwidth (but with an expected
negative impact on gain) [22].

e We used a BPF for input matching network [23].

Fig. 3.15: wideband techniques in CS-UWB-LNA.
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3.7.1 LNA matching

Let us consider a single stage amplifier where the matching procedure is to match the
input/output impedances (Z;, Z;) to the characteristic impedance of coming lines, Z, .

One approach to improve matching is to reduce the effect of the transistor Si»
parameter either by using a cascade method (CG) or increasing isolation. However, the
cascade will not only reduce the linearity [24] but also increase the NF (one more stage).
Furthermore, sizing the cascade transistor could be an issue (usually, the designer
chooses the same size as the LNA-core transistor to have the same current).

The input matching network can be one of the filters studied in Chapter 2. Based on
the conclusions made in this chapter, we used the same specifications. As shown in Fig.
3.16 and as expected with respect to the filter order, Gaussian, Bessel and Butterworth
filters present low matching performance. On the other side, Chevll, Elliptic and
Hourglass filters have better matching performance. However, since all parameters are
strongly dependent, the final selection will be made only after simulating the whole

system (Filter + LNA).

—— Gaussian —— Bessel Butterworth Chevi

—— CheVI —— Hourglass —— Elliptic

$11(dB)

1 2 3 4 5 6 7
Freq(GHz)

Fig. 3.16: Matching comparison in CS-UWB-LNA using different filters.
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3.7.2 Gain

We thus simulated the whole system (Filter + LNA). Figure 3.17 shows the CS-UWB-

LNA gain while combined with different filters used as input matching networks. Then,

e With Gaussian/Bessel/Butterworth BPFs: the system does not exhibit significant
gain. Also, due to their lower sharpness, these filters allow gains in undesired
frequencies (< 2GHz), leading to more interference with other wireless systems.

e With Chevl/ChevIl/hourglass BPFs: the system exhibits a better gain flatness in

the whole desired frequency spectrum.

—— Guassian —— Bessel Butterworth Chev
—— CheMll ——Hourglass —— Elliptic
15
o 14 A
T
N
@ 13 |
12 I/\(\ T T T T T
1 2 3 4 5 6 7 8
Freq(GHz)

Fig. 3.17: Gain comparison in CS-UWB-LNA with different input matching filters

3.7.3 Noise figure

Let us model a noisy network by a noiseless network, moving all noise sources to the
input [24] (Figs. 3.18 and 3.19). In analog circuits, the signal-to-noise ratio (SNR) is a
crucial parameter to consider. In fact, in RF circuit design, the goal is to increase the SNR
to better receive and detect the signal with the lowest possible bit error rate (BER).

The noise figure F' can be defined as [9], [25]:

- _ SR,

_ . NF =10log F 3.12
SNR, . g (3-12)
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Fig. 3.18: voltage/current noise sources model.
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Fig. 3.19: noise figure calculation model with various noise sources.

In this equation, SNR;, and SNR,,,, are the input/output signal-to-noise ratios. They can

be modeled as [26]

2 '2 2A2 _2
SNR = an’; ; SNR = a4 Xsz (3.13)
a’Vy, Ve, +1,R) |4

where « is the gain at the ‘P’ plane and A4, the gain from ‘P’ to V,,,. Finally, after some
mathematical derivations, the noise figure can be expressed as, [25]

2
NF=1+(V”;¢; v, =J4TBR, (3.14)

2
Rs

where k is the Boltzman’s constant, 7" the temperature and B, the normalized bandwidth
(1Hz). Also, V, and I, are calculated in 1Hz bandwidth.
By assuming that in RF circuit design, the source and load impedances are set to

50ohms, we obtain

2
_ an,out 1

2 AKTR Vf,om=A2[4kTR+(Vn+1nRS)2}, A=aA, (3.15)

where ¥ is the total output noise power. Using the filters already designed, we can see

n,out
that the Chevll and hourglass filters not only allow almost flat noise figure frequency

response but also lower value compared to other filters (Fig. 3.20).
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Furthermore, even if Chevll has slightly better performance between 5-6GHz, this
slightly lower NF is insignificant when component tolerances and layout issues will be

included in the optimization process.

3.7.4 Load Matching

In most design approaches, the real value of the first stage output impedance has to be
less than 30ohms. However, reducing this impedance will increase the power
consumption, buffer transistor size, linearity, and finally buffer biasing circuit. In our
design, the first conclusion we can make is that whatever filter is used, the output

impedance is almost flat, 16 <Z , <20Q (Fig. 3.21), which agrees with theory [27]

(1-8,)(1+5,)+S,S,, . (1-5,)
(1+S,,)(1-S5,,)-S,,S,, (1+5S,,)

~1 (3.16)

3.7.5 Stability

Narrowband amplifiers are usually stable while wideband amplifiers can be unstable
for some particular configurations involving gn-boosting or feedback. From (3.11), we

can see that the stability can be improved by reducing the reverse gain parameter Si5.

—— Guassian —— Bessel Butterworth Chev
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Fig. 3.20: Noise figure comparison in CS-UWB-LNA with various matching filters
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Fig. 3.21: Output impedance comparison in CS-UWB-LNA with various matching filters

There are different ways to increase the output/input isolation. We can for instance,
use a cascade topology, which increases noise figure and reduces linearity, or bypass the
C4s component (output to input parasitic capacitance for the CS topology). Note that
bypassing Cy, requires at least one more inductor and capacitor as resonant tank network
between the output and the input. So choosing the cascade will save plenty of integration
space while the bypass tank will reduce the risk of increasing the noise figure in price of
power consumption, lower bandwidth, inductor radiation conflict with the RF input
signal (inductor radiation distortion, layout issue), and higher space integration.

Fig. 3.22 compares the stability conditions for various input matching filters. In this

figure, higher Bf value indicates better stability as with Chevll/Hourglass filters.

3.7.6 Linearity

First let us consider a single tone input signal received at the input of the LNA
assumed to be nonlinear, as in Fig. 3.23, [1].
v, =v, cos(wyt)

(3.17)
Vy = @y +a,v, cos(Wyt) +a,v. cos’ (w,t) +a,v, cos’ (wyt) +...
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The above equation can be expressed as

| 3
v, =| a, +5azv0 +| ayv, + Za3v0 cos(w,t) +

(3.18)
%azvo2 cos(2w,t) + %cgvé cos(Bw,t) +...
giving as first order approximation,
szz—o :a1+%a3v§ (3.19)

From that, the ideal case is when A, = a, i.e., no other higher odd harmonic. In
amplifiers, the third order is defined as a negative coefficient parameter which obviously

reduces the gain defined as saturation/compression gain.
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Fig. 3.22: comparison of CS-UWB-LNA stability using various input matching filters
(Unconditionally stable).

% Non-
———  linear
circuit

out

Fig. 3.23: simple nonlinear circuit topology.

Chapter 3: Performance of UWB-LAN Configurations -79 -



e Third order (IP3)

One of the techniques to evaluate linearity is the third order test which applies two
signals (f1, f2) at the system input, with equal amplitude and little frequency offset.
By plotting the fundamental and third intermodulation (IM3) output powers as
function of the input power, the third order intercept point (IP3) is the point where
the amplitude of the intermodulation tones at 2f;-f; or 2f,-f; are equal to the
amplitude of the fundamental tones at f, /> (Fig. 3.24) [9].

At this point, the corresponding input power is called IIP3 while the output is
OIP3. P, is the fundamental output power, P; the third harmonic output power at
IM3, P; the input power and G the power gain. Note that in the plot, the IM3 terms

have a slope of 3 and the first order terms have a slope of 1, leading to

OIP3—-P, . OIP3—P, _

3 and G=OIP3—IIP3=P—P (3.20)

IIP3—-P,  IIP3-P,
1 1
- IIP3=R+—(R-R)-G=R+-(R-R) (3.21)

So by increasing the input power, the linearity will increase but there are some
tradeoffs that include power conception, circuit topology, gain, and voltage room

(current mirror biasing).

Third order intercept point

A
Fot 1dBm) 1 dB compression
DIF3 20 \
I Spurious free dynamic range {DR) \
o } ({Intermodulstion free DR)
| ol
P b Pund®
I Dynamic range
_40 -
80 ) Minimum
L detectzble
p. 80 signal
3
=100 "~ Noiss floor
1 A 1 1 1 :
-40 =30 20 -10 0 +10  F,({dBm)
i 1IP3

Fig. 3.24: Fundamental and IM3 output powers versus input power, [9].
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e 1-dB compression

The second linearity test is the 1-dB compression point test. This point is more
accessible and requires just one tone rather than two. The 1-dB compression point is
simply the input power level where the output power is 1dB less than it would be

with an ideal linear device (Fig. 3.25 with different filters). It can be related to IP3 by

NS

1dB 1dB

73 =3.04, 2010g£@J =9.66
- IP3=1dB _compression+9.66(dB) (3.22)

As expected, the Gaussian filter allows the highest linearity due to lower matching
and gain (-9.66dB). Since linearity is inversely related to gain and noise figure,
decreasing the gain will increase the output (transistor drain) and thus linearity will
increase. The Bessel input matching filter can be the second choice in terms of
linearity, while the Hourglass, Elliptic, ChevIl give similar performance in terms of

linearity (-16dB).

—— Gaussian —— Bessel Butterworth Chevi
—— Chewl —— Hourglass —— Elliptic
Ed F - zy%éfg 5 ])
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& _— -20 1
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8| ?/ -30 A
S 35 1

Pin(dBm)

Fig. 3.25: Comparison of 1dB-compression point linearity test of the CS-UWB-LNA
with various input filter matching
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3.8 Regular vs. Zigzag Input Matching Filter

In this section, we will investigate and compare the Elliptic and Hourglass filter
performance investigated in Chapter 2 (in both regular and zigzag topologies) while

associated as matching networks to the UWB common-source LNA (CS-UWB-LNA).
3.8.1 Input matching

From Fig. 3.26, we can see that hourglass-regular and Elliptic-regular have better
input matching compared to the corresponding zigzag filters. Note that to cancel the
effect of the capacitor C,, a parallel capacitor filter would be preferred to a series
capacitor filter. However, we will not conclude until investigating other tradeoffs like

gain and noise figure performances.

3.8.2 Gain

Both regular filters have better gain and flatness than zigzag filters. This difference
can be explained by using capacitor instead of inductor, since capacitor reduces the gain,

Fig. 3.27. In terms of sharpness, the regular filters also satisfy this requirement.
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2 -
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$11(dB)

Fig. 3.26: Comparison of the input matching of CS-UWB-LNA with Elliptic and
Hourglass matching filters using regular and zigzag topologies.
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Fig. 3.27: Comparison of gain of CS-UWB-LNA with various matching filters using
regular and zigzag topologies.

3.8.3 Noise figure

As expected, the regular filters act better in terms of noise due to higher matching and
gain, Fig. 3.28. It is noticeable that the hourglass-regular has lower noise figure in the

lower spectrum frequency part but smoothly change in high frequencies.
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Fig. 3.28: Noise figure of CS-UWB-LNA with various third order matching filters with
regular and zigzag topology.
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3.8.4 Linearity

Fig. 3.29 shows that with Hourglass- and elliptic-zigzag filters, the amplifier has

higher linearity or 1-dB compression point.

—— Elliptic — Hourglass Elliptic_zigzag Hourglass_zigzag

Regular
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Fig. 3.29: CS-UWB-LNA linearity test with various third order matching filters with
regular and zigzag topology.

3.8.5 Conclusions

Even if the hourglass-regular has low noise figure, it cannot be the best candidate (at
least for common-source topology) mainly because of its higher ripple. But for other
different applications not so sensitive to the gain frequency response, the hourglass
zigzag may be considered as a good candidate. Table 3.5 summarizes the performances
or regular/zigzag filters when associated as matching networks to common source UWB-
LNA topology. However, no filter emerged as the best regarding all tradeoffs. So, let us

consider the final step, the sensitivity to fabrication tolerances.

3.8.6 Tolerances

Fig. 3.30 shows the Monte-Carlo analysis with 100 iteration wave simulations for the

CS-UWB-LNA with the Chevll band pass filter.
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Table 3.5: performance comparison of third order regular/zigzag BPF input matching
filters in CS-UWB-LNA.

S1imin (dB) S21max (dB) NFpmax (dB) | 1dB (dBm)
Elliptic-regular -8 13.5 2.9 -16
Hourglass-regular -9 13.6 3 -16
Elliptic-zigzag -7 11 34 -9.5
Hourglass-zigzag -9 11 3.5 -9.5

It has been proved that the design is very stable over most important parameters like
noise figure, input matching, gain, and output impedance. Monte-Carlo simulation setup

with 15% tolerance for all passive/active elements while the S-parameters tolerances are:

AS,, =0.84B,AS, =0.2dB, ANF =0.2dB,AZ, =0.5Q.
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Fig. 3.30: Monte-Carlo simulation results for CS-UWB-LNA_Chevll with 100 iterations,
a) scattering b) average wave

3.8.7 Conclusion

The Chevll is the best candidate in terms of main tradeoffs such as reasonable input
matching, desired frequency spectrum sharpness, gain, noise figure, complexity and
linearity. Applying the zigzag method in special filters such as Elliptic and hourglass may
have some benefits as integration space (lower inductance) and higher linearity (Figs 3.28
and 3.29) but has also slightly higher noise figure and obviously lower gain due to the

nature of adding capacity.

3.9 CG-CS-UWB-LNA

We started with the CS configuration as a logical choice (most widely used
configuration). However, from a designer point of view, the common-gate (CG)
common-source (CS) UWB LNA (CG-CS-UWB-LNA) may be also a reasonable choice
since it brings enough gain for the next receiver stage (Mixer). In fact, the CG topology
has a better frequency response and requires lower-order matching filters. Also, the input

matching network is simpler in CG than in CS due to the nature of the input matching,
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ie, 1/g,, [2]. But CG also requires gain boosting system. So as in any design step,

compromises need to be made.

Therefore, the next step was to test this CG-CS-UWB-LNA (Fig. 3.31) with different
BPFs as input matching network and compare their performance. Note that since
Gaussian, Bessel and Butterworth filters have lower performances, only Chevl, Chevll,
Elliptic and hourglass filters were considered. We reported in Table 3.6 the CG-CS-
UWB-LNA design parameters values.
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Fig. 3.31: wideband techniques in CG-CS-UWB-LNA.
*Cascade is not necessary for CG.

3.9.1 Matching

Figure 3.32 shows the input matching performance of the CG-CS-UWB-LNA with
and without matching filters. As expected, the matching frequency response of the
original CG topology (without matching filter) has better performance (flat) compared to
the original CS. However the CS topology shows better matching performance in high
frequencies compared to the CG LNA.

We cannot avoid input matching networks since some wireless systems are very

sensitive to undesired signals (like GPS).
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Also, the CG topology may exhibit a good matching frequency response but not
enough to face the UWB-LNA matching constraint (<-6dB). As shown in the figure, the
Chevll and hourglass filters give the best performance to the amplifier in terms of input
matching.

In conclusion, it is clear that the CG has better matching frequency response compared
to the CS topology. The input matching is highly depended on the LNA core bias,
transistor parameters such as Cy, and transistor technology (130nm or less).

The CG topology still requires an input matching network even if the theory claims
that this configuration depends only the 1/gm biasing. Chevll and Hourglass filters are

the best candidates for now.

3.9.2 Gain

Figure 3.33 shows the gain of the CG-CS-UWB-LNA configuration. Compared to the
the CS topology, the CG-CS configuration has a better but lower gain response, and thus
requires a boosting system such as a g,-boosting.

Also, CG-CS UWB low-noise amplifiers with ChevIl and hourglass filters exhibit the

gain responses in terms of desired bandwidth matching and necessary sharpness to avoid

interferences.
Table 3.6: CG-CS-UWB-LNA specifications.
T1-T2 (CG stage) T3 (CS stage)
FN1=40; W =4um; L = 120nm FN3 =40; W =2.5um; L = 120nm
T4 (CS stage) TS5 (Buffer)
FN4 =40; W = lum; L = 120nm FN5=40; W =2.5um; L = 120nm

Ibuf =2mA; LCG =2.5nH; RCG = 133Q; Vs = 1.2V; Vb =485mV; Rb = 1kQ;
LCS =2.5nH; RCS = 125Q; Vbias = 485mv
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Fig. 3.32: CG-CS-UWB-LNA input matching test with various 3™ order matching filters.
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Fig. 3.33: CG-CS-UWB-LNA gain with various third order matching filters.

3.9.3 Noise figure

From Fig. 3.34, we can see that the original CG configuration (without matching

network) has a higher noise figure than the CS topology (NF-CG < 10dB, NF-CS < 4dB).

By adding the input matching filters, the noise figure reduces only to 5-6dB. Knowing

that noise is the key parameter to consider in LNA design, the CG topology is not

suitable for our application.
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However, to complete our investigation, we still considered the other tradeoff results.
Circuits with Chevl and Elliptic filters have better noise figure frequency response than
Hourglass and Chevll, but these latter have both lower NF in the desired bandwidth and

higher NF outside, making them as potential candidates.
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|
,f
/

Freq(GHz)

Fig. 3.34:CG-CS-UWB-LNA noise figure with various input matching filters.

3.9.4 Output matching and isolation

By increasing isolation and output matching, the input reflection will be closer to Syj.
Most of RF LNAs try to increase these parameters in respect with linearity as well. As
mentioned, adding a cascade stage in CG or/and CS configuration will increase the S,
but in detriment of the voltage room for the cascade transistor, which needs to be biased.
Also, as shown in Fig. 3.35, the original CG has better isolation. Also, as in Fig. 3.36, the
output reflection coefficient of CG is lower than the CS one, which indicates power

consumption reduction (especially in buffer section).
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Fig. 3.35:CG-CS-UWB-LNA isolation with various input matching filters.
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Fig. 3.36:CG-CS-UWB-LNA output matching with various input matching filters.

3.9.5 Linearity

Fig. 3.37 shows that the original CG topology has higher linearity but, as expected, by
adding the input matching filters, the linearity reduces due to gain increasing. As
commonly known, better matching affects linearity, gain and noise figure. However, if

this statement is always true for the CS configuration, it is true for CG just for a certain

matching level (S, <—-104B) [2].
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Some papers [2], [3] reviewed the CG advantages/disadvantages but forgot to
highlight one of the key disadvantages namely, the high sensitivity of the CG-LNA
design. In fact, since this parameter requires a perfect matching, the CG could not be as a
good candidate. Also, CG-LNA stability is not included since the LNA is naturally
unconditionally stable.

A summary of the LNA topologies performance with and without input matching is

reported in Table 3.7.
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Fig. 3.37:CG-CS-UWB-LNA 1dB compression test in various input matching filters.

Table 3.7: Amplifier topologies performance with and without input matching filters.

S11(dB) | S21(dB) | S11,S22 (dB) | NF(dB) | Linearity (dBm@5GHz)
Chevl (CG) <-10.3 11.3 -10.2, -65 5-8 -21.5
Chevll (CG) <-10 11-13 -10.5,-65 | 3.9-6.7 -21.7
Elliptic (CG) <-10.2 11 -10.5,-65 | 5.3-5.7 -21.6
Hourglass (CG) <-10 11-12 -10.5, -65 5.3-6 -21.5
CG_CS original | <-5 6, 6.5 -10.5, -65 9.4-10 -17
CS original -2, -8 11-14 -6, -50 2.3-2.8 -15
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3.9.6 Monte-Carlo Analysis

Fig. 3.38 shows the Monte-Carlo analysis of the CG-CS-UWB-LNA with 100
iterations using the Chevll band-pass filter. It was setup for a 15% tolerance for all
passive/active elements and with AS;,=0.2dB, AS;;=0.31dB, ANF=0.2dB, AZ,,~0.5Q2. As
shown in the figure, NF and S, are slightly better than in the CS-LNA. Also, the
variations are not important vs. tolerances, confirming that the design is stable with

regard to component tolerances.
3.10 Layout Configuration

In conclusion, we retained the CS-UWB-LNA topology with ChevIl BPF (Inverse
Chev Bandpass filter). Figures 3.39-3.44 show the layout a well as the DRC & LVC
setups (Cadence).
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Fig. 3.38: Monte-Carlo simulation results for CG-CS-UWB-LNA_ChevlII with 100
iterations, a) scattering, b) average wave
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3.11 General Conclusion

The CG-UWB-LNA input matching not only depends on the LNA core biasing but
also still needs to meet the minimum UWB-LNA requirements. But it is very difficult to
boost the gain while maintaining a reasonable noise figure. Also the biasing increases the
core-LNA transistor parasitic capacitors, thus reducing the gain and increasing the noise
figure even without further layout consideration. To solve this issue some boosting
techniques can be used [3], [6], [7] and thus the CG-CS-UWB-LNA configuration was
investigated. Further, regarding noise figure, we can deduce that there is no benefit to
using the CG-CS-UWB-LNA topology for frequencies less than 10GHz. Also, its gain is
lower compared to CS-UWB-LNA and needs another stage for boosting, implying even
higher noise figure. In addition, the linearity was not significantly improved with the CG-
CS-UWB-LNA because the linearity stage is low and the second stage gain is not so
high.

On the other side, The CG-CS-UWB-LNA has better (flatter) frequency response if
associated with ChevIl BPF. So, the CS-UWB-LNA with Chevll BPF is finally retained.

Now we need to expand our approach to multi-band UWB low-noise amplifiers.
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Chapter 4 Multi-Band LNA

4.1 Introduction

In the previous chapter, we evaluated different narrowband/wideband UWB-LNA
topologies to find out that the CG topology is not the best candidate for frequency bands
less than 10GHz due to its higher noise figure (NF) and lower gain. Thus, we proposed
some approaches to improve the CG performances but with the cost of higher circuit
complexity and higher power consumption. Finally, we concluded that the wideband CS-
UWB-LNA configuration is the most suitable for our application.

In this chapter, we will combine this configuration with different Multiband topologies
to mitigate undesired frequency bands (i.e., 5-6GHz). For this purpose we will compare
different narrow-band cancellation methods to highlight the most appropriate for

adequate filtering of undesired frequency bands.

4.2 NBI Cancellation Methods

4.2.1 Tunable notch filters

Tunable notch filters (Fig. 4.1) present some advantages such as second harmonic

cancellation and perfect input matching but suffer from major disadvantages like:

e Higher circuit complexity due to the number of notch filters to be used for NB
cancellation,

e Complex design. In fact, the differential topology makes layouts much difficult to
design,

e Higher power consumption and higher noise figure due to the higher circuit
complexity,

e Higher number of inductors.
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Therefore, they cannot be a good candidate for our purpose. In fact, it has been
demonstrated that using a bank of filters to reject the undesired bandwidths is not
efficient if the noise is a white noise [1].

Figure 4.1.a shows a modified differential multi-band 3-7GHz LNA and Fig. 4.1.c
shows its power gain in the desired bandwidth [1]. Note that this design was not
performed for the whole UWB bandwidth but just for the first bandwidth (Orthogonal
frequency-division multiplexing - OFDM - modulation purposes). Figure 4.1.b shows a
modified shunt feedback of a multi-band UWB LNA (MB-UWB-LNA) for OFDM

applications.
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Fig. 4.1: OFDM UWB-LNA, a) MB notch filter (3-7GHz) [1], b) MB modified shunt
feedback [2], ¢) tunable notch filter gain [1]

4.2.2 Frequency Q-tunable notch filters

These filters have similar performance as bank notch filters but are not suitable for our

purpose due to their circuit complexity, power consumption, and gain response [3] (Fig
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Fig. 4.2: Bridge T-band and Q-tunable notch filter [3].

4.2.3 Multiband OFDM

Orthogonal frequency-division multiplexing (OFDM) is a well-known orthogonal
modulation technique to improve wireless system bit error rate (BER). To achieve better
performance, the multiband (MB) method should be combined with this modulation. The
simplicity of this method is considerable so that it can easily mitigate undesired wide- or
narrow-bands. Also this method has different possible topologies depending on
bandwidth and initial requirement. In fact, if for instance the undesired bandwidth is
narrowband, the design will be a simple combination of “BPF + SBF”. However, if the
bandwidth is wider, a bridge T-band or notch filter along with a load tank design
(parallel/series resonance) will be a better candidate (Note that the load tank design could
be seen as a simple MB-OFDM approach, but the filter design flexibility will be very
limited due to parasitic capacitors and power gain frequency response).

To get better frequency response and increased Q, most of existing designs use a series
inductor. Note that the load inductor value is critical since it deals with signal boosting
and reduces the impact of next stage parasite capacitors.

However, as shown in Fig. 4.3, the power gain frequency response is not flat. In

addition, we get a higher noise figure due to the CG topology (NF > 7dB).
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4.2.4 Super regeneration filters and digital filter banks

This approach, which uses analog and digital filters, not only has higher number of
elements but also requires higher power consumption. In fact, all depends on the type of
noise: using filter banks is inefficient in the presence of white noise but beneficial with
color noise [5]. Since most commercial RF simulation tools assume white noise this
approach cannot be suitable for our design. Multiband UWB approaches combine a BPF
and a SBF as input matching to get both high and low reflection coefficients in desired
and undesired bandwidths, respectively. Note that there exist some tunable configurations
(like CS-CG LC ladder or modified shunt-feedback) that present reasonable performance
[1], [6] as summarized in Tables 3.3 and 3.6.

4.3 Proposed MB-UWB-LNA

In Fig. 4.4, we propose a MB-UWB-LNA which combines a 3" order Chevll as BPF
and a 1% order SBF. As mentioned, the circuit simplicity with respect to initial
requirements is the main target we considered in this design.

As shown, the SBF topology can be parallel or series (adding a serial element at the
input or a parallel element before the output buffer). The next step was to investigate the
performance of the proposed configuration with respect to power consumption,
complexity and linearity, for both desired (3-5GHz and 6-7GHz) and undesired
bandwidths (5-6GHz).

4.3.1 Input matching impedance

As shown in Fig. 4.5, the ChevII-Hourglass combination presents the better frequency
response and the higher stop bandwidth as well as an excellent matching in the entire

desired pass-band (3-5, 6-7 GHz).
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Fig. 4.3: MB-OFDM-UWB-LNA schematics with corresponding S-parameters [4]
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Fig. 4.4: MB-UWB-LNA with a combination of BPF Chevll and various SBF.
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Fig. 4.5: MB-UWB input matching with combination of BPF Chevll and various SBF.

Note that the ChevlI-Elliptic arrangement exhibits better matching at the lower part of
the bandwidth but a poor input matching frequency response. Note also that the rest of
SBFs we investigated earlier were not presented here due to their lower performance.

We have two solutions to increase the SB bandwidth: increase the filter order or use a

combination of parallel/series SBF (series with the input and parallel with the buffer).
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4.3.2 MB-UWB-LNA gain

Figure 4.6 shows the gain of the MB-UWB-LNA with various SBF. As expected from
the matching results, the ChevIl/hourglass has acceptable gain. In fact, better input
matching leads to better gain frequency response. It also has maximum stop-bandwidth
(SBW > 500MHz, Fig. 4.6) and reasonable stop band rejection. On the other hand, the
Chevll/Butterworth has maximum SBW and highest rejection but, as we expected due to
poor input matching, its gain frequency response is not acceptable. Finally, the
Chevll/elliptic has an excellent frequency response but lower SBW and bandwidth
rejection (<12dB) thus, does not satisfy our requirements. Again, the combination of

ChevlIl/Hourglass is the best candidate.

4.3.3 MB-UWB-LNA noise figure

Fig. 4.7 shows the MB-UWB-LNA noise figure while combined with different SBF.
In terms of performance, the Elliptic SBF exhibits the best noise figure in the whole
desired frequency band (in the range of 1.5-2.6dB) but the hourglass SBF not only satisfy

the NF requirement (1.5-4dB) but has also better performance in matching and gain.

—— Chewll_Elliptic —— CheMll_Hourglass CheM_butterworth
15 — —
10 A
fadB=
51 5-5.6 GHz
) BW >500MHz /
: 0 T T T T T
N \f
7))
-5
-10 A4
-15
1 2 3 4 5 6 7
Freq(GHz)

Fig. 4.6: MB-UWB gain with Chevll BPF and various SBF.
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To further confirm our conclusions, we simulated the filters with higher orders and
again the hourglass SBF still presents the best performance in terms of SBW and stop-

band rejection.

4.3.4 MB-UWB-LNA Isolation

As expected, the isolation is almost independent to input matching due to the cascade
topology, Fig. 4.8.a. Note that if the biasing is not perfectly chosen (i.e, smooth
saturation) the isolation will be more sensitive to input matching [3], [7]. Also, as already

explained, the output matching is not affected by any SBF combination (Fig. 4.8.b).

4.3.5 MB-UWB-LNA Linearity

Figure 4.9 shows that the Chevll/Butterworth combination presents the lowest
linearity (>-20dB) while the Hourglass has a higher linearity (>-8dB). By adding the
expected degradations associated to layout/fabrication, we assumed same performance
for both hourglass and elliptic, i.e., >-11dB. Therefore, the combination ChevlIl-

Hourglass will be the best candidate.

—— CheMl_Elliptic —— CheMll_Hourglass Chevll_Butterworth

NF(dB)

Freq(GHz)

Fig. 4.7: MB-UWB noise figure comparison using various filter combination.
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Fig. 4.8: MB-UWRB a) isolation, b) output matching comparison for various filter

combination.
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Fig. 4.9: MB-UWRB linearity comparison for various filters combination.

4.3.6 Monte-Carlo simulation for MB-UWB-LNA with ChevII-Hourglass

We performed a Monte-Carlo analysis to evaluate the circuit stability vs. the
parameter tolerances. Note that the Monte-Carlo simulation has been set to 20% for all
active and passive parameters with a rate of 10 (average of 10 simulations).

As illustrated in Fig. 4.10, the gain, noise figure, and isolation have low sensitivity to
component tolerances. Note that the performance of the CG configuration is worse than
that of the CS, especially for input matching, a critical point in LNA design.

Also Fig. 4.10 shows that the CS matching has 13% to 15% error in the bandwidth of
interest (i.e., -15dB to -13dB). This error is acceptable since even in the worst case
scenario, Si; is still below -9dB, therefore satisfying the multi-band input matching
requirements. Table 4.1 shows a comparison of the S-parameters of Chell-hourglass,
chevll-Elliptic and ChevlI-butterworth circuits. As mentioned, the ChevIl BPF has been
finally chosen. Note that the Sy, parameter is almost independent on the input matching,

so it was not included in the simulations.
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Fig. 4.10: Monte-Carlo MB-UWB-LNA with ChevIl-Hourglass: a) S-parameters and b)
noise figure

Table 4.1: MB-UWB-LNA parameters for
BW1: 3-5 GHz, BW2: 5-6 GHz, BW3: 6-7GHz

Chevll-Hourglass Chevll-Elliptic
BWI BW2 BW3 BWI1 BW2 BW3
S11(dB) 10-11.3 0-6 10-10.7 | 5-15 1-1.5 3-7
Sy (dB) 11.6-13.4 | 6-8 7.8-13.7 | 13-13.4 | 8.6-14 | 14-14.1
S12(dB) 66-68 58-86 | 56-58 66-68 | 58-89 | 56-58
NF (dB) 1.4-5 43-25 |4-4.6 14-33 [34-17 [2.7-34
1dB (dBm) @5GHz | <-8 <-8 -8 <-11 <11 -11

ChevlI-Butterworth

BWI BW2 | BW3
Si1 (dB) 1-11 06-1 |25
S»1 (dB) 41-13.4 | 4291 | 10-13
S1>(dB) 66-67 | 58-86 | 50-58
NF (dB) 1.4-9 930 | 7.1-9
1dB (dBm) @5GHz | <-20 <20 |20
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4.4 Proposed MB-UWB-LNA with ChevII-Hourglass

4.4.1 Topology comparison

In this section, we compared the shunt and series topologies of the proposed MB-
UWB-LNA circuit while combining the ChevIl-Hourglass filters. As shown in Figs.
4.11-4.12, the series topology involves less passive elements than the shunt topology.
Also, the input matching in series topology is independent on the output and the isolation
but on the other side not only the input/output matching are highly dependent to the
biasing but also the gain frequency response is limited by the parallel resonance of the
output tank. This resonance caused a lower power gain at some particular frequencies. To
mitigate this issue, increasing the circuit (filter) inductance could be the solution but this
will imply higher power consumption [8]. In conclusion the parallel hourglass SBF fails

by default.
4.4.2 Input matching (S;)

Figure 4.13 shows a comparison of the desired input matching vs. the input/output
performance of series/parallel hourglass SBFs while used in the MB-UWB-LNA. As
shown, the shunt/series topology with an hourglass stop-band connected between the
cascade network and the buffer presents an excellent matching response not only in the
whole desired bandwidth but also in the undesired bandwidth. It is interesting to note that

the excellent matching in the undesired bandwidth does not affect its power gain.
4.4.3 Gain

Figure 4.14 illustrates the SB-hourglass performance with series and shunt/series
topologies. For the input SB series, the gain has better frequency response, higher SBW
and lower passive elements size. Also, in the shunt/series topology, Fig. 4.12, the

inductor size is almost 15nH, making its layout implementation unrealistic.
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On the other hand, the parallel/series has lower gain in the desired bandwidth even
with higher order (parallel) or higher element size. Note that we assumed a stop band

rejection of -15dB for all topologies.

Fig. 4.12: MB-UWB-LNA with the ChevIl/Hourglass series topology

4.4.4 Isolation

As well-known, the isolation due to a cascade configuration is not a significant issue
but we confirmed that through simulations. As shown in Fig. 4.15, there is more isolation

with the hourglass (series topology) especially in the undesired frequency bandwidth (5-
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6GHz), which confirms the advantage of this topology (input series) compared to the SB

series/ parallel output configuration.

Also, as expected, there is no significant change in the undesired bandwidth for the
parallel/series topology, thus exhibiting a relatively constant isolation in the whole
bandwidth. On the other hand, the input SB series has higher isolation, thus agreeing with

the specifications.

—— Hourglass_in —— Hourglass_out_series Hourglass_out_shunt
1
_4 -
)
= 91
»
-14 4
-19
2 3 4 5 6 7
Freq(GHz)

Fig. 4.13: MB-UWB-LNA input matching in series and shunt/series topology.
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Fig. 4.14: MB-UWB-LNA gain in series and shunt/series topology.
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Fig. 4.15: MB-UWB-LNA isolation in series and shunt/series topology.

4.4.5 Noise figure

Figure 4.16 shows that the hourglass output series topology exhibits lower noise figure
(NF<1.9-3.3dB). On the other side, the input series topology has a reasonable noise
figure (1.6<NF<4.5dB).

—— Hourglass_in —— Hourglass_series_out Hourglass_shunt_out

.| /
j

6 1 flater freq respons, \

NF(dB)
N

Freq(GHz)

Fig. 4.16: MB-UWB-LNA noise figure in series and shunt/series topology.
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4.4.6 Linearity

Figure 4.17 clearly shows that the input series matching decreases the linearity. The

reason may be because of the effect of the first stage (C;).

—— Hourglass_in —— Hourglass_series Hourglass_shunt

delta linearity
=4 dB 120

Pout(dBm)

Pin(dBm)

Fig. 4.17: MB-UWB-LNA linearity in series and shunt/series topology.
4.4.7 Monte-Carlo simulation

As illustrated in Fig. 4.18, the circuit presents excellent performance in terms of gain,
isolation, and noise figure even with 20% passive parameters tolerances. Note that even if

the noise figure varies by almost 15%, it is still within the desired specifications.

Table 4.2 shows a comparison between the proposed circuit and existing MB

configurations. To summarize, we can conclude that:

o NF: the proposed topology has the lowest NF in the desired bandwidths (3-5GHz and
6-7GHz).

¢ S);: the proposed circuit not only satisfy the input matching requirement (<-10dB) but
also presents the lowest power consumption. Only the designs published in [1] and [4]
have better performance but at the price of higher power consumption (at least five

times higher).
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¢ S,;: again by considering the power consumption, the proposed design has the best
power gain with only 1dB difference in the whole bandwidth while other designs have

5-10dB gain difference.
e Linearity: The proposed design exhibits an IIP3 of +2dB, far better than other designs.

Statistical Analysis Results
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Fig. 4.18: Monte-Carlo MB-UWB Chevll-Hourglass output series: S-parameters and NF.

4.5 Conclusion

In this chapter, an efficient MB-UWB-LNA circuit has been designed with an input
series Chevll-hourglass SBF. Note that the series output topology not only has an
unacceptable large inductor but also has limited voltage room, leading to lower linearity.
Similarly, the parallel hourglass topology contains more passive elements with lower
linearity. Some other UWB-LNA design for NBI cancellation have been investigated,
[11]-[13], and not retained due to our particular design targets namely, topology
simplicity and power consumption consideration.

The next step is to further investigate the constraints designers should consider while

dealing with UWB systems.

Chapter 4: Multi-Band LNA -119 -



Beside the RF part, the signal characteristics (shape, duration, delay, ...) as well as the

channel properties, the noise environment, ..., should be considered.

Table 4.2. Performance Comparison of MB-UWB-LNA

Ref. NF S1i S$H1 BW IIP3 (dBm) Topology Py
(dB) (dB) (dB) (GHz) @ 5GHz (mW)
(" 3-8 14-20 9-13 3-10 N/A Notch filter | 36mw
[41" 5-7.2 6-16 20-22 3-8 -3t0-3.3 Double-band | 20mw
(tank)
[9]° 7.5 <-10 10-15 3.1-48 -3 CS LC Ladder | 30mw
[107° 4.2-7.7 8-16 15-24 3-10 -3.1 Double-band | 9mw
(tank)
21" 2.5-5 <-7.5 17 2-5 -3 Shunt feedback | 18mw
Proposed | 1.4-5 | 10-11.3 | 11.6-13.4 3-7 +2 @ SGHz | CS_MB_LC- | 6.5mw
design® Feedback

m: measured data, s: simulated data

Note that, cadence IBM-130nm processing kits has accurate kits but with limited passive
components libraries, e.g., low values of carbon resistors are not available, so parallel
high resistance method to get low desired value has to be used. This issue is also valid for
for M-cap capacities as well.
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Chapter S IR-UWB System Background

5.1 Introduction

UWRB receiver design is more complicated than other narrowband systems, and thus
requires receiver design techniques to recover the low power signal from noise. UWB
systems may be divided into impulse radio (IR) and multi-band systems.

The goal of this chapter is to provide the reader with some important aspects
associated with IR-UWB receiver multipath combination methods like rake receiver and
general matched filter (GMF) [1]. Also, the characteristics of an UWB transmitted signal
with different pulse shapes and modulation schemes, as well as the characteristics of a
typical indoor radio channel and its effects on the UWB transmitted signal will be

discussed.

5.2 UWRB transmitted signal and modulation schemes

Many different pulse generation techniques may be used to satisfy the requirement of
an UWB signal [2], [3]. UWB systems are based on impulse radio concepts. Any given
pulse will have very low energy because of the very low power levels permitted for
typical UWB transmissions. Therefore, many pulses are combined to carry the
information for one bit. The most common modulation schemes are based on time-
hopping pulse position modulation (TH-PPM), direct sequence pulse amplitude
modulation (DS-PAM) and multiband UWB [4].

5.2.1 TH-UWB signals

An UWRB signal can be generated using the setup shown in Fig. 5.1. The quantities in

the figure will be explained sequentially.
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Fig. 5.1: Transmission scheme for a PPM-TH-UWB signal. a) block diagram
b) signal waveform of s(t)

Data are binary sequence to be transmitted. They are generated at a rate of R, = 1/7}
bit/s. The first system block will repeat the data sequence N times (number of pulses per
bit) and generate the new binary sequence at the rate of R., = N,/T,. With T, = N; T, the
new coding rate will be R, = 1/T bit/s, T, being the frame (symbol) period.

A second block generates a new sequence represented by b, =¢, T, +a,&, where T, is
the chip time, ¢,7, the pseudo random code in chip duration, ¢ the time shift associated
with the TH-PPM while a;is depend on j. The chip time interval 7. represents only one

pulse in the time frame period. Note that a,&+T, <T., with T, the pulse period. The real-
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valued b sequence enters to the modulation system block, which generates a sequence of

pulses at the rate of R =1/T, pulse/s.
These pulses are located at the time J7, +bj and are therefore shifted from the

nominal position ;7. by b;. Pulses occur at times ( /7, +c¢,T, +a,¢). The last block in

the UWB transmitted system is the pulse shaper filter with an impulse response p(¢). The

transmitted signal is given by (5.1) and its simulation shown in Fig. 5.2, [2].

s(t)= i p(t—jT, —chC —ajg) (5.1)

J=—00

=
o
=
=3
£
<
’ 3
x10°
D
o
2
=
£
< ;
- |
15 25 3
Time [s] 1

Fig. 5.2: signal generated by the PPM and non-PPM TH-UWRB transmitter
with P =-25dBm, Numbits = 2, N (pulse/bit) =5, T, (frame time) = 3ns,

T, (chip time) = 1ns, T, (pulse duration) = 0.25ns

5.2.2 DS-UWB signals

Direct-sequence spread (DS-SS) is a well-known modulation technique [4]. Figure 5.3
shows the direct sequence spread-PAM in a UWB transmitted block system.

Note that DS, TH, and OFDM are transmission techniques applied to modulation
schemes such as DS-PPM or TH-PAM. The advantages and disadvantages in using TH or

DS transmission have been discussed in [1], [4].
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TH-PPM is more popular and simpler compared to other modulation schemes. This
simplicity is based on power efficiency, spectral lines, implementation, fading margin
and performance, while M-ary PAM (M-PAM) requires more bandwidth.

In Fig. 5.3, the first block repeats each bit N, times and the second block transforms
this binary sequence into a positive and negative value sequence,

(d;=2a,-1) —00 < j < +00)

The transmission coder applies a binary code composed of ‘£1’ and generates new
sequence. The new data sequence enters the PAM modulation block, which generates the
Dirac pulses at rate of R = N, = 1 pulses/s.

b s
These pulses are located at j7, same as in TH-PPM modulation schemes. Finally, the
last block is a pulse shaping filter with the impulse response of p(¢). The output signal

Spau 1s shown in Fig. 5.4.

Data Repetition| | Binary | |Transmission PAM Pulse

b coder series coder modulator shaper

a d,=2a,-1 jT.

s

Fig. 5.3: DS-PAM-UWB transmission system

5.3 UWRB pulse shapes

5.3.1 Gaussian Pulse-Shape

A typical UWB pulse shape, also known as Gaussian pulse, is often used in UWB
systems [4]. Generating pulses with nanosecond duration is possible with an inexpensive

CMOS technology. A Gaussian pulse that is described by [3]

by o B (5.2)

Chapter 5: IR-UWB System Background - 126 -



i DS-PAM

[=1

Fig. 5.4: Signal in PAM-DS-UWB:
P, =-25dBm, Numbits =2, N =5, T,=2ns, T,=0.5ns

where f8=470" is the shape factor and o the variance. The relation between variance

T,
and pulse width is given by 0 = ﬁ . Figure 5.5 shows the Gaussian waveform.

Amp(normalization)/\V]

Time(s) « 10"

Fig. 5.5: Gaussian pulse wave form, £ =0.81ns
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Several pulse waveforms might be considered such as the Hermite pulse shapes

(Multi-user), but the Gaussian derivatives are more suitable [5].

5.3.2 Hermite based orthogonal pulses (multiband user)

The system of sine and cosine has been known historically as orthogonal functions in
communication systems. In recent years, other kinds of orthogonal functions have been
used for theoretical investigations as well as for equipment design. The use of modified
Hermite polynomials to create orthogonal transform, and even to create orthogonal
wavelets for multi-carrier data transmission over high-rate digital subscriber loops, has
been proposed. Again Hermite pulses have been found suitable for multi-users [2]. The

Hermite polynomial can be defined by [3]

n i2 dn 7i2
—(— 47 2_ 27
P, (1)=(-2) e e" =5 (6 J (5.3)

where n =0, 1, 2, ..., -o0 < ¢ < +oo and 7 is the time-scaling factor (pulse width regular
element). The result is a set of orthogonal functions p, (), which can be easily derived
for all values of n. In a multi-user system, the orthogonal pulses can be assigned to
different users in order to decrease the co-channel interference (CCI), also known as
crosstalk, the inter-symbol interference (ISI) and to reduce the bit-error rate (BER) [5].
The Hermite pulses have the following properties [2]

e The pulse duration and bandwidth are almost the same for all ».
e The pulses are mutually orthogonal.
e The pulses have non-zero DC components and in fact, the low frequency

components of the pulses are relatively significant.

Note that Gaussian pulses also have the advantage that by increasing the pulse order
and decreasing the pulse width, the bit error rate decreased. In the case of multiple users,

Hermite pulses have better performance, but their generation is more difficult.
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5.4 UWRB indoor channel modeling

The propagation of UWB signals in indoor-outdoor environments is the most
important issue. If the channel is well characterized, the effect of disturbances can be
reduced by proper design of the transmitter and receiver.

One important aspect of any radio channel-modeling activity is the investigation of the
distribution function of channel parameters. Typically, these distributions are obtained
from measurements/simulations based on descriptions of the environment. The multipath
propagation can be represented conveniently and mathematically by following the

discrete impulse response of the channel [7].

h(1)=2a,(1)5(t-7,(1)) (5.4)

where @, and 7, are the n” path channel gain and delay, respectively, measured at time ¢
and N the total number of paths. This model assumes that all channel parameters are
random variables with specific distributions. Statistical information is required regarding
the distribution of channel gain, 4, , pulse arrival time 7, , and number of paths, N.
According to [8] and [9], the primary parameters that characterize the indoor channel

include the following:

e Number of multipath components: it is important since it determines the design of
the rake receiver which collects the receiver pulse energies,

e Average delay: it describes the mean travel time of a signal from transmitter to
receiver,

e Delay spread: it is a metric of how much that signal is diluted in time,

e Total delay spread: it indicates the largest delay due to the multi-path,

e Doppler spread: it is related to the coherence time of the channel,

e Amplitude fading distribution or power delay profile,

e Multi-path arrival time: a simple statistical model for arrival times of the paths, since

multipath propagation is caused by randomly located objects.
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5.5 Rake receiver

The receiver signal energy can be improved in a multipath fading channel by utilizing
diversity techniques, such as the rake receiver. Rake receivers combine different signal
components that have propagated through the channel via different paths.

The combination of different signal components will increase the signal-noise ratio,
signal-to-noise ratio (SNR), and thus improve the system performance [10].

Figure 5.6 consists of a parallel bank of Ny correlators, followed by a combiner that
determines the variable to be used for the decision on the transmitter symbol. m; is the
correlator mask and 7; the propagation delay related to the ;™ path. The output of the bank

of correlators feeds to combiner.

m (1) |
Mg (f)l

U

Fig. 5.6: Rake receiver with Ny parallel correlators and time delay

Detector ———»

There are three main types of rake receivers:

e Ideal rake receiver, IRAKE, which captures the entire receiver signal power by
having the number of fingers equals to the number of multi-path components.

e Selective rake receiver, SRAKE, which only uses the strongest propagation paths.
In this case, channel information from the impulse response is required.

e Partial rake receiver, PRAKE, which is a simplified approximation to the
SRAKE. The PRAKE involves combining the first propagation paths [11]. The
principle behind this approach is that the first multipath components will typically

be the strongest and contain the most of the receiver signal power. The
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disadvantage is that the multipath components that the PRAKE receiver combines
are not necessarily the strongest multipath components, especially in case of
extremely NLOS. As a result, optimum performance will not be achieved.
Therefore, we need other techniques, such as filter banks, to increase the SNR and

system performance.

5.5.1 Multipath combining methods

Signal processing techniques are designed to combine the diversity receptions in some

way, and thus they can be referred to, in general, as combining techniques [12] like:

e Equal gain combining (EGC) uses equal weights to combine the multipath
components.

e Selective diversity (SD) uses diversity path where the highest SNR is chosen.

e Maximum ratio combining (MRC) combines the components relatively to their

signal amplitudes.

MRC is essentially a matched filter (MF) assuming that the receiver signal is being
sampled at the Nyquist sampling rate and there are an infinite number of fingers. When
the noise is additive white Gaussian noise (AWGN), the MRC diversity achieves
maximum SNR at the output of combiner and hence is considered as the optimum
technique. However, if we assume color noise, the GMF will be used to weight the signal

amplitude harmonics.

5.5.2 General matched filter

The general matched filter (GMF) is used when the noise correlation matrix is non-
diagonal. However, in many situations the noise is more accurately modeled by a
correlated Gaussian noise with zero mean and covariance matrix Q. [1]. The noise
process models any source of interference signal that affects the receiver. Hence, the
covariance matrix will generally be a combination of the interfering signals and the

channel AWGN.
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A GMF maximizes the probability of detection of a known signal in Gaussian noise,

subject to a given probability of false alarm.
Let X =[x,,x,,.... xy;] denote the observed data samples at the receiver and
s=[s,8,,.... Sy_;] the transmitted pulse samples. The detection process consists to

distinguish between the two hypotheses:

H,:X=W

H :X=s+W (5.5)
where H is the null hypothesis and corresponds to no pulse transmitted and f, is the
alternate hypothesis corresponding to the case where the transmitter sends a pulse. Wis a

noise. The Neyman-Pearson detector then selects H, if the log-likelihood ratio exceeds a

threshold, that is:

(5.6)

where A is the threshold, P(X; H 1) and P(x; H o) are the conditional probability density

functions, given by, [1]

1 —(X—=s) 07! (X -s)
p(x;Hl)— ~ e
(27)2 |0,
1 () o' (%)
p(x;HO) = ——¢ 2
(2x): [0 .

Finally, the decision test statistic is given by [1], [10]:

T(X)=X"Q's 5.8

By letting F = 's be the filter weights vector, the GMF output is the test statistic,

T(X)=X"F. While the filter weights in a MF are directly obtained from the channel
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impulse response, the GMF weight is obtained by inverting the noise covariance matrix
and multiplying it with the channel impulse response.
In this case, the GMF requires the knowledge of both channel impulse response and

noise covariance matrix to determine its filter weights for optimum combining.

QC'

Hence, it can be concluded that for operating the GMF, the receiver must know the

When the noise is uncorrelated Gaussian, =0, a GMF simply reduces to a MF.

channel impulse response, the noise covariance matrix, ., and be in perfect

synchronization with the transmitter. Note that both GMF and MF processing are
coherent techniques and assume that the receiver sampling clock is perfectly aligned with

that of the transmitter.

5.6 Conclusion

In this chapter, we showed that IR-UWB transmitters allow simple recovering of low-
power UWB signals from noise and take advantage of frequency selective fading.

Two of the most popular UWB transmission models based on the concept of time
hopping spread spectrum (TH) and direct sequence spread spectrum (DS) were described.
Also general pulse shape (1% Gaussian), modulation schemes, and UWB indoor channel
modeling for accurate transceiver modeling investigation were discussed. To take
advantage of frequency selective fading, which is part of wideband wireless
characteristics, the concepts of rake receiver and multipath combination methods such as
General matched filter (GMF), equal gain combining (EGC), selective diversity, (SD),

and maximum ratio combining (MRC) in the presence of multipath, were presented.
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Chapter 6 UWB Pulse Modulation Schemes

6.1 Introduction

In ultra wide-band (UWB) system design there are always trade-offs between
maximum transmit distance, data rate, transmit power, and system complexity. Different
data modulation schemes such as pulse-position modulation (PPM), pulse-amplitude
modulation (PAM), phase-shift keying (PSK), or on-off keying (OOK) have been used in
UWB communications with relative success depending on the targeted application [1],
[2]. In fact, their performance can significantly vary according to which system
parameters are considered such as narrowband interference (NBI) robustness, symbol
error rate (SER), system complexity, data rate, or maximum transmit power with respect
to transceiver distance and channel capacity. For instance, if minimum complexity is
important, then OOK modulation would be the best choice. However, it is very sensitive
to noise. On the other side, if interference robustness and power efficiency are the
parameters to consider, Binary PSK (BPSK) and M-ary PPM (M-PPM) can be the best
candidates. Nevertheless, M-PPM deals with multi-dimensional signals, whereas M-PAM
has only one dimension [3], [4]. This topic has been widely discussed in the last decade
but most of published works [4] did not efficiently include all tradeoffs, such as
comparison of bit error rate (BER), modulation level, channel capacity and complexity.
In fact, even if several technical papers have already discussed this issue, they mainly
investigated the modulation performance for specific applications or system requirements
and thus, to the best of our knowledge, did not cover the whole comparison spectrum [5].

The aim of this chapter is indeed to evaluate all these parameters and their impact on
each scheme performance. For this comparison, we considered the PPM in time-hopping
mode (TH-mode), the OOK in direct-sequence mode (DS-mode), and the Binary PAM
(BPAM) in both TH- and DS-modes. The channel model is the UWB IEEE 802.15.3a
multipath indoor channel model under Additive White Gaussian Noise (AWGN) [6].
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Note that the white noise channel model is largely used in the literature due to its
relative simplicity. Because the target here is to compare the performance of different
UWB pulse modulation schemes under the same channel model, a relatively simple
model can be the best candidate. Note also that this channel model can be specified for
different propagation scenarios, such as extremely indoor Non-Line-of-Sight (ENLOS) or
outdoor Line-of-Sight (LOS). In this work, we focused on the indoor propagation channel
model to take advantage of the UWB frequency selective fading.

Also, the transmit power was evaluated by integrating the fifth derivative of the power
spectrum density (PSD) of the Gaussian pulse over the whole bandwidth. Note that, the
third pulse derivative module has been effectively used because the transceiver antenna

acts as a second derivative.
6.2 Modulation schemes

6.2.1 M-PAM

In pulse-amplitude modulation, the same waveform is sent with different amplitudes
corresponding to different data being transmitted. The BPAM can be presented using
antipodal, monocyclic, or Gaussian pulses. The transmitted signal for M-PAM can be

expressed as [7]:

PAM z z j )dm )

e (6.1)

where o ( ) [5( ) 0, ( ]) ( )] is an indicator transmitter pulse vector, i.e., for

each j (known as unit impulse), only one element of the vector is equal to unity otherwise
zero. T is the pulse symbol period, M the modulation level, and P the pulse shape
impulse response. For multi-user case, d,, is the amplitude of independent and identically

distributed (IID) random signals according to an equiprobable distribution.
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The related PSD can be formulated as [4]

SPAM (f) = SCPAM (f)+SdPAM (f) ) (6-2)

where s, (f) and S,,, (f) are respectively the desired continuous part (non-periodic)
and the undesired discrete part (periodic), which induces more spectral lines and lower
mutual information [4]. For real data with equal probability of occurrence, Sy, (f )
becomes [6], [7]:

2
_0O4

Sead (N)= 2PN+ 2

2
J J
Pl=— 0| f ——j
TS J==0 (TS J ( TS (6.3)
where aj and u, are the variance and mean of the random data sequence, respectively.

In case of repetition pulse coding [6], [15], each random data contain number of pulses
with various amplitude (PAM case) that indicate just one bit of data. Let us consider the
symbol period limited by trade of data rate and pulse numbers. For instance, for wider 7,
the data rate is indeed lower but does have better performance with higher pulse
repetition coding (increasing pulse numbers), and inversely. On the other hand, if a time-
hopping PAM (TH-PAM) is considered, they are dependent on frequency, which is not
the case in this study.

In narrow-band, using a filter bank receiver or a mixer bank receiver can mitigate the
narrowband interference while splitting the UWB bandwidth to the narrowband. Thus,

the average power or variance of the UWB signals can be calculated by integrating the

Ao

(6.4)

PSD in frequency domain [8], [9]

T; -

S J=®

A7)

Var (S (z))=j_+:SPAM (f)dr - j:[‘;—j P (f)|2 N <

2
. ij +00

2 ,u_j =
PO+ X

S j=
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Assuming the carrier frequency of the receiver is f.o and the bandwidth of the

bandpass filter is B, the UWB interference power can be expressed as [9]

Az )lz)

with H,.(f)=H,, (f)H,(f), where H, (f)and H,,(f)are the Fourier transform for

2
__ij ~+00

P
ITs%

SOUAT VRS>

Jo,
§ Fi-/c()e[fli’z B/2)

(6.5)

the filter and the channel impulse response, respectively. For an ideal band-pass filter, the

above equation can be reformulated as [9]

Rt 0 VA >

1 .
o0—B/2
TS Jeo s

(6.6)

J.,
?4’-/006[73/2 B/2]

Therefore, the interference power can be affected by the following factors:

e The symbol period (1/7)); in fact, increasing 7, will both increase the pulse

repetition frequency and decrease the energy spectral density, while the
corresponding continuous component of the power spectral density remains
unchanged. So the pulse repetition leads to a discrete line spectrum. The line
spectral density is composed of the delta function and separated by the pulse

repetition frequency.

2

P(f)| )

e The power spectral density (PSD) of the UWB chip sequence S,,, (f)

e The energy spectral density (ESD) of the pulse waveform,

determined by o, and g, for real and mutually uncorrelated sequences.

Therefore, a proper pseudo-random (PR) code, directly related to the pulse
repetition frequency and corresponding PSD, could be selected to reduce the

discrete spectral components. If the mean g, is not zero, discrete components
(spectral lines) will appear in S,,, (/). However, for a sequence of %I, these

components will disappear. On the other hand, if the UWB pulse train is
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modulated by an all “one’ sequence (o; =0, 4, =1), the PSD of S,,,, (/) will be

composed only of discrete components. Thus, if these components, which
generally have a stronger PSD than continuous ones [2], [5], are in the band of
narrowband systems, they will have a bigger effect on the performance of the

victim receiver.

An alternative is to send alternating positive and negative pulses, [2], [8]. This line
coding scheme is often called Alternate Mark Inversion (AMI). Following [9], it has been
demonstrated that with equal probable binary elements, the PSD is given by

S (1) ===|P(F)f [1=cos(27/T,)]

ot (6.7)

which shows there are no spectral lines, and thus, the bipolar PAM signal has a lower bit
error rate (BER) compared to the non-bipolar PAM signal, which suffers from the

presence of more spectral lines, Fig. 6.1.

10"

10"
F —2— Mon-Bipolar k=2
H—o— k=4 : i
L[| = k=10
10 » Dipolar

BER

_______

o -

Fig. 6.1: BER AWGN channel Comparison with various polarization, k.
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6.2.2 OOK

Compared to others, OOK can be seen as the simplest scheme. In this technique,

sending a pulse corresponds to bit ‘1’ and no pulse means ‘0’.
Therefore, because of the equal probability of either symbols, o> =0.25,u, =0.5,
and the PSD becomes, [6],[9]:

1 2 1 &
SOOK(f)ZEP(fN +4T2 Z

=

AP :
At

T T, (6.8)
In a variant (Antipodal signals), the transmitter sends a pulse of duration 7, much

higher than the bit time 7, to indicate bit ‘1’ and the negative of this pulse for ‘0.

Therefore, with equiprobable elements, we have o =1, 1, =0 and thus, a PSD of [9]

Sant (f) = (6.9)

showing that the PSD of antipodal does not have any spectral lines or discrete
components. Note that OOK and binary-PPM are similar. Therefore, only 2-PPM

performance was evaluated to avoid duplication.
6.2.3 M-PPM

In M-PPM, the chosen bit to be transmitted influences the position of the UWB pulses.

The signal at the output of the transmitter cascade, s(¢), can be expressed as [1], [2], [6]:

Spon () = i > P(t-jT.—c,T. —a,&) (6.10)

Jj=—0 m=1

where j is the number of transmitted bits and ¢, the time-hopping code. The chip time

interval 7, represents only one pulse in the time frame period. Note that

a,&+T, <T with T, the pulse period.
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The Fourier transform of the PSD of M-PAM can be expressed as [11]

Sepu (f) - J Seeu (t)e_ﬂ”ﬁdt 6.11)

Leading to the following PSD, expressed in terms of continuous and discrete parts

PSppy (f) =PScppy (f)+PSdPPM (f) (6.12)
with )
PScppy (f) |P(f)| - M

1
T M sin (ﬁﬂ)
M

PSdPPM(f)=|P(f)|2 is.in(zﬁ) Li&[f—éﬂ (6.13)

which can be simplified to, [6], [11]

l{m} 5( _ﬂj
T T (6.14)

showing a smother PSD than of PAM, leading to less narrowband interference. The

1 0 M
PSPPM(t):T_SzZZ

J=—0 m=1

single pulse of the UWB signal is placed into one of N=T,,,/T} slots, where N is the

number of slots per symbol, 7, the pulse width and 7,,,, the symbol time. The number of

sym
bits per one PPM symbol is equal tolog) .

Note that by increasing M (modulation level) the data rate will increase as well.
Furthermore, the average transmitted power will be increased by a factor of M.

In this case, the N slots are divided into L groups. Each group includes N/L slots with a
single pulse. With this, the average bit number will be [11]

N

N, =10gELJ - L(1og§’ —1og§) N>>7 and N, =Llog) =N, (6.15)
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Thus, modifying the bit rate can improve the throughput of number of pulses per N

slots, but it will raise another issue:

e A larger bandwidth requirement, as the number of pulses per symbol interval
increases.

e Pulse width relaxation will be limited.

e All symbols can be orthogonal. To solve this for large N, one can use predefined
pulse arrangement such that no-pulse is put in the same position. In other words,
to avoid pulse inter-path interference (IPI) or pulse jamming, we should decrease

the pulse period or increase the chip period.

Note that more information on PSK modulation can be found in [4], [6]. Because of its

complexity, it has been introduced here mainly for comparison.

6.3 AWGN Channels

Under AWGN UWB channel models expressed by the IEEE 802.15.3a standard,
symbol- or bit-error rates can be easily expressed, leading to an optimum receiver [6],
[7], consisting on an optimum demodulator (coherent demodulator).

First, let us assume a zero system margin (no power loss between equipment
connections), i.e., M; = 0. For any binary modulation, the BER can be calculated using

the distance between two symbols as [6]

d
i _Q( 2N, j (6.16)

This distance is different for each modulation scheme

Appyy =27, 5 dpsk :2xé7,, s doox =27, 3dpas <27, (6.17)
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E

7, =WRX= sV, , is the average bit energy in the receiver and 7 its average pulse
0

energy. Table 6.1 summarizes the BER and SER performance for different modulation
schemes.

For simplicity, let us assume Ny= 1 with a normalized pulse energy. From theory, and
as shown in Fig.2, binary PAM has 3dB more power efficiency than PPM. As M is
increasing, the performance of M-PPM also increases.

This is due to space dimensionality that makes more noise orthogonal and causes the

elements of the covariance noise matrix, Q. , to be almost zero [8], [12]. Since the signal-
to-noise ratio (SNR) is given by SNR =S"Q’'S, it will also increase. Also, M-PPM

requires lower transmission power in high modulation levels.

On the other hand, the performance of M-PAM becomes worse due to decreased

0.

symbol distance and as a result, will increase leading to more interference at

narrowband.

Thus, by increasing the modulation level, the M-PPM will exhibit better performance.
Note that (17) confirms what was mentioned above, i.e., simulating 2-PPM and OOK
parameters leads to similar performance. Therefore, we just simulated and compared the
M-PAM and the M-PPM in terms of BER versus SNR while a comparison between OOK
and PPM is not necessary.

Table 6.2 summarizes the comparison between the different modulations schemes in
terms of noise interference, spectral lines, transceiver complexity, pulse energy variance,
and bandwidths.

As shown, the candidate pulse modulation is strongly related to the application. In
fact, if simplicity is considered, the repeat pulse coding or OOK modulation will be the
good option but in case of NBI the 4-PPM should be chosen to satisfy all spectrum

requirements.
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Table 6.1. BER and SER in AWGN channel for different UWB modulations.

TH-BPPM

Orthogonal single pulse (Ns=1)
Pr, =0({N.7, )» O(x) = %erﬁ‘(%j

:{SO = ﬂ/ﬁ[l—Ro (m)]
' S =—\/1)_E[I—R0(m)]

where R, (&) is autocorrelation of the pulse S, .

>

orthogonal multi-pulse signal with TH coding:

P, =0( N (=R (m))

BPAM/BPSK

h=0(r)

M-PPM

P, =

ﬁj_
3

\/;_ﬂﬂl—( )j;ce-v‘”zdx]Ml}..
coxp| v \B7) |y

2kt 1
b= =yt

M-PAM

P :Z(M—I)Q( 6log2(M)7/bJ P :1PM
M \} M*_1 k

g
y, =log,(M)y, Y, =N, =~
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Fig. 6.2: Symbol error rate for different M levels of M-PAM and M-PPM (N, = 1)

Table 6.2. Comparison of various pulse modulation techniques in terms of bandwidth,
spectral line, noise sensitivity, transceiver complexity, and pulse energy variance.

Bandwidth Power . Spectral line .

. . Noise Transceiver |Pulse Energy
requirement requirement sensitivel power complexity |variance
(normalized) (normalized) y distortion p y

Highest M -1)1
PAM |1 1 g. ) Yes Low ( ]—
(1 dimension) 6 ),
Lowest Yes Highest 1
= R - o |
log, M )\ T, M log, M (M dimensions) |( lower) (by M) Vs
. Yes 1
1 1 Very high ) Lowest —
OOK high Vs
- o Lower N High 1
= . (M/2 0 L
BPSK | T, dimensions) (by M/2) Vs
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6.4 Data Rate and Maximum Distance

To further investigate the modulation scheme performance, let us assume that the
signal propagation occurs over free space. Thus the free-space attenuation A4,, can be

expressed as [13], [6]

4 DL
" G,S, (6.18)

with D the distance of propagation, Sk the antenna effective area, L the system hardware
loss, and G, the transmitter antenna gain. In this section, we assumed L = 1 (no losses in
the system hardware).

The pulse waveform is the 5™ derivative of a monocyclic Gaussian pulse and its PSD
is given by [13]

2 _~(2715)
R(f) — Amax (27z.f5)n i ;Am :10—13.125;5=51ps
ne

(6.19)
leading to the following receiving signal power
M SNR_..N,
P — K spec
r 2 (6.20)

where Nj is the thermal noise power, SNR,. the system requirement SNR, and H (/) the

frequency response of the indoor channel, which can be expressed as [13]

6.21)

where R(f) is the shadowing parameter that depends on the geography of the propagating

environment (usually assumed to be 6dB). The system margin M, is assumed to be 1dB.
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From this, the distance can be reformulated as:

G,Gyc® 2’f P(f),
2 2 f
,_(4r) R S N, =T, (f)=k(T, +(F(f)-1)T;) (6.22)

D* = :
M _SNR,_ —N,

spec 2

where T, is the noise temperature at the receiver, 7 the receiver antenna temperature, 7
the room temperature (usually 7, = 300°K), k the Boltzmann constant, F(f) the noise
factor of the receiving device and R the data rate. Given a specific SNR (i.e., the SER of
a specific modulation scheme), one can evaluate the maximum transmit distance. Figure
6.3 shows the maximum distance as function of data rate for PAM and PPM modulation

schemes. The following assumptions have been made

e SER is lower than 10_S(NS =1,7T =3ns)

¢ No fading margin required and PSD of noise is constant ( £,/Ny)

It is observed that BPAM (BPSK) has the best data rate over short distances with
respect to complexity. However, by increasing the modulation level M, the M-PPM data

rate can be improved ( SER;,,,, < SER,,p,, < SER, ., ) While the opposite occurs for M-
PAM.

6.5 Channel Capacity

A channel with M-ary PPM/PAM modulation has discrete-valued inputs and
continuous valued outputs, which imposes an additional capacity calculation. Let S» be
the encoded M-ary PPM/PAM signal vector input to the channel, and 7; the i diversity

channel output vector corrupted by the AWGN noise vector, W, an M-dimensional

N,
. . . 2 . . .
Gaussian vector with zero mean and variance, 0, = 70 along each real direction (multi-

path).

Chapter 6: UWB Pulse Modulation Schemes - 147 -



) N B B

T T T
i pEbEI@ed7 b 2ppm
=] S E i T GT=GREZENE T — dppm ]
gl Lo BERies | i |-& Gpem
S L O N el |

Distance(rmn)

I
50 100 150 200 250 300 350 400 450 500 S50 BOO
Data rate (Mb/s)

Fig. 6.3: M-PAM and M-PPM signals data rate for short distances and un-coded systems

This output vector is given by
r=s, +w 1<i<L (6.23)

where L is the number of multipaths. The channel capacity (Bits/channel) with input
signals restricted to an equiprobable M-ary signal constellation and with no restrictions

on the channel output, can be written as [14]

M

1 M ZP(r/Sk)
C=log,(M)——> |P(r/s, )log,| r—n—|d
ng( ) M mzz;j (r Sm) Og2 P(I”/Sm) y
L 1 —(ri—ﬁ)
P(r/s,)= o
(r/s,) H {”No} (6.24)

with P the probability of receiving a signal from the transmitter and N, the PSD of white

noise.
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For M-PAM over an AWGN channel, we obtain

k=0 p=0 i=1 N,

2 2
1 M-1 M-1 L \,Vl —|s +1’V[—S
—tog, (1)~ L3 {logzZexp{Z| [l sy ]}

(6.25)

where s, is one of the M-ary PAM signals. For M-PPM, the probability of receiving a
signal is [7], [8], [14]

L 1 M/2 M 2202 (- 2 \
P(r/sm):HHﬂN j (He 120 je (=~ ) /¥ } r,=\JE, +w, (6.26)
i= 0

=l
GT2 (n) =0,, (n) +0 0 (n) + O'W2

o, ()= th n—k)

02, () =— Zh n—k) forn>0

where 6; is the total noise variance, E; the signal energy, M the signal dimension,
ap,e(n) the variance of the noise pulses preceding the present signal pulse at time n,
pm(n) the variance of the noise of the pulses following the present signal, and /(n) the

discrete channel response.

Giving the following channel capacity model for symmetric channel (Fig. 6.4), [8], [10],
[12].

R
M-l M-l M-l M-
Cyv pru = i . log — L F, log Em
M = jzo,mM—l i M i=0 j=0,j=0 i
M M
1-P,
Cys_pp =log, (M)+P,, log, (P, )+(1-P,)log, ST (6.27)
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Fig. 6.4 : Channel capacity model for M-ary

Figures 6.5 and 6.6 show the channel capacity of various modulation schemes. From
these figures, the capacity can be improved by increasing the modulation level for M-
PPM, M-PAM and M-PSK. It shows that binary PAM-PSK requires lower SNR (4dB
less) for a fixed channel capacity, which demonstrates its lower system sensitivity. But by
increasing the modulation level, as expected due to orthogonally, the M-PPM capacity
rapidly increases making it a good candidate compared to the complex PSK modulation.

Note that the theory details about this comparison are expressed in Table 6.2.

Channel Capacity
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6.6 Maximum Transfer Power

From a communication theory perspective, the most important characteristic of UWB
systems is the power-limited regime operation. Following standards and regulations,

there is a maximum allowed transmit power P . This limitation has a direct impact on the

maximum transmit distance and data rate, [15], [16].

P A
—(dB)=C,+10ylo — |+ X, (dB
13( )=Co+107 g10[47m’j (dB) (6.28)
0 2
p,(dB)=10l0g, M(“—”} &
G,G, \ 1 (6.29)

In the above equations, X,is the average shadowing system, y the path-loss
component, and C, the maximum UWB pulse power, assumed to be -41.42dBm [15].

E, is the energy per bit (1.82. 10" W) for a specified BER of 5.107°.
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In Fig. 6.7, we compared the transfer power for different modulation levels at a fixed
data rate (200MHz) and as function of maximum transmitter power and distance. It can
be seen that BPSK-soft decision has a higher maximum distance compared to other
modulation schemes.

By increasing the modulation level M, M-PPM will be improved but M-PAM and M-
PSK will exhibit a lower performance, due to more noise interference (noise
dimensionality). Then again M-PPM has better narrowband interference robustness in
terms of required less transmit power with respect to system complexity. Furthermore,
the 4-PPM has an optimum modulation level which covers all tradeoff as sorted by table
6.2.

In Figure 6.8, we compared the 4-PPM in various data rates using the same transmitter
and channel propagation scenario as in Fig. 6.7 for different modulation levels. As
expected, by increasing distance, the data rate will decrease, requiring higher transmitter
power. Also, for short distance applications (<10m), the data rate cannot exceed 200Mb/s

even with an LOS scenario and AWGN channel assumption.
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Fig. 6.7: Maximum transfer power for M-PAM-M-PPM, BPSK for a fixed data rate of
200Mb/s. The horizontal line (close to — 5dBm) represents the maximum transmit power
specified by FCC regulations.
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Fig. 6.8: Maximum transfer power for 4-PPM with various data rate. The horizontal line
(close to — 5dBm) represents the maximum transmit power specified by FCC regulations.

This demonstrated that the UWB technology cannot practically provide the expected
high data rate (>400-600Mb/s) unless a pulse coding is considered. In fact, with more
complexity and higher modulation levels, the data rate can be significantly improved but

with the cost of higher transmitter power.

6.7 Conclusion

Various UWB pulse modulation schemes were evaluated in this chapter and their
performance compared in terms of narrowband interference robustness, symbol error rate,
system complexity, data rate, and maximum transmit power with respect to transceiver
distance and channel capacity.

It appears that the BPAM has the highest data rate in terms of maximum distance and
transmit power. However, M-PPM has better power efficiency and channel capacity, at
the expense of increased complexity and bandwidth.

If bandwidth is not an issue, the M-PPM is the best option, due to lower spectral lines

(smoother PSD), higher dimensionality (orthogonally of noise) and narrowband
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interference robustness. However, if the UWB receiver is single band, the M-PPM is not
the optimum option in terms of bandwidth.

If the system complexity and bandwidth are the limiting factors, OOK is the best
choice, but has more spectral lines and higher probability of error which leads to higher
risk of interference. Finally, because of signal orthogonally and lower spectral lines
(smoother PSD), the 4-PPM (optimum modulation level) can be the best candidate for

NBI robustness and can be used for unique UWB rake filter bank receiver design.
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Chapter 7 UWB Pulse Shape Effects

7.1 Introduction

Impulse-radio ultra-wideband (IR-UWB) systems transit information using extremely
short pulses that spread the energy from near DC to a few gigahertz without using a
frequency carrier. This carrier-less technique greatly reduces the transceiver complexity
and cost [1] but makes the UWB system performance strongly dependent on the pulse
shape [2]-[4]. In fact, this later can significantly degrade the UWB system performance in
terms of power spectrum density (PSD), BER, bandwidth and NBI cancellation. It is
desirable for UWB signals to spread the energy as widely over the frequency band as
possible to minimize the power spectral density (PSD), and hence the potential of
interference to other user systems [4], [5], such as narrow-band systems like WLAN.

A variety of pulse shapes have been proposed for UWB impulse radio systems [4],
which approach ideal transmitter power spectrum, avoiding DC components.

In this chapter, we evaluated different pulse shapes such as Gaussian monocycle (first
derivative), Gaussian doublet (second derivative), their combination (linear, random, and
LSE), as well as Hermite pulses. In addition, orthogonal pulses based on modified
hermite polynomials were considered [6]. The target is to design optimal pulse

waveforms that have the following properties:

e The pulse spectrum should be contained in the desired frequency band to satisfy
the Federal Communications Committee (FCC) recommendations [1].

e The pulse should be limited to short duration with energy concentration.

e The pulse set is preferred to be orthogonal [6], [7].

e The pulse set is preferred to be flexibly combinable or extendible to fit any further
spectral mask change in FCC requirements as well as any other regional

regulatory committee around the world [2], [8].
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7.2 Power limits and emission mask

The effective isotropic radiate power (EIRP) is defined as the highest signal strength
measured in any direction and at any operating frequency from a radiating device. It is

defined as, [8]

2
EIRP=P — EIRP = 3%4;;02 (7.1)

x x

where P_is the maximum power at the input of the transmitter antenna, G, the
transmitter antenna gain, and V the free space voltage (with impedance Z, =377Q).

In UWB systems, the average power levels are shown in Fig. 7.1-7.2 and summarized
in Tables 7.1-7.2 for indoor/outdoor propagation environment, indicating a radiated
power of 2004v/m or —49.18dBm/m [9]. Another important parameter to consider is
the peak level of emission within a 5S0MHz bandwidth centered on a frequency f, . For
instance the quantity -43dBm/50MHz is the power limited to -43dBm over a frequency
range of S0OMHz around £, .
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Fig. 7.1: UWB indoor emission mask [1], [9].
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TABLE 7.1: Indoor FCC-UWB TABLE 7.2: Outdoor FCC-UWB
average power limits average power limits
Frequency EIRP Frequency EIRP
(GHz) (dBm) (GHz) (dBm)
0-0.96 -41.3 0-0.96 -41.3
0.96-1.61 -75.3 0.96-1.61 -75.3
1.61-1.99 -53.3 1.61-1.99 -63.3
1.99-3.1 -51.3 1.99-3.1 -61.3
3.1-10.6 -41.3 3.1-10.6 -41.3
Above 10.6 -51.3 Above 10.6 -61.3

Chapter 7: UWB Pulse Shape Effects - 161 -



The maximum allowed total power, P__, for a signal of bandwidth BW ( f,, f,) is

Ju
P = | P.(f)f f,=3.1GHz, f, =10.6GHz

i (7.2)
P = L47rD2 W

377 MB

where MB is the measured bandwidth centered around the given frequency. The above

equation can be reformulated as

(10.6><10"—3.1><10")
Pmax :EIRPMB MB

— 10log,, (P, ) =—41.3+10log,, (7.5x10°) = —2.84Bm (7.3)

where EIRP,, ( EIRP = EIRP,, %) is the maximum EIRP within the measured

bandwidth MB and signal bandwidth BW. Note that the maximum allowed EPIR is equal

to the sum of the EIRP,, values provided by the FCC emission mask corresponding to

the frequency range occupied by the signal. For example, for a signal of BW=700MHz
located within the UWB frequency range, 3.1GHz-10.6GHz, P__ is equal to

P =t gp@p TOOMIE s g igm
377 | MHz

7.3 General IR Transceiver model

The impulse radiated transmitted pulse can be expressed as [11]

D (t) = m(t)*p(t)*au (t) (7.4)
where m(t)is the modulating signal, p(t)the pulse shape before the transmit antenna

and a, (¢) the impulse response of the transmit antenna.
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Thus the receive pulse can be expressed as:

ORI NOMAOLENG (7.5)

where /#,(¢) and a, (f) are the impulse responses of the channel and the receiver

antenna, respectively. By expressing the Fourier transform of (7.5), the frequency

response of the pulse shape before radiation is derived as:

~ P (/) .
NI YRGVRT) 7o

According to (7.5) and (7.6), the PSD of the transmitted signal is related to the pulse

shape and modulation scheme.

7.4  Gaussian Pulse-Shape

The Gaussian pulse is often used in UWB systems because its shape can be easily
generated [8]. It is simply a square pulse shaped by the limited rise and fall times of the
pulse and the filtering effects of the transmitter and receiver antennas [12]. In this section,
we analyze the effect of the pulse width (Pulse factor) variations and the pulse shape
differentials on the system response, and then the effect of combining different
waveforms that comply within the power limitations as set by the FCC emission masks.

The pulse shape that can be generated by a pulse generator has a bell shape (Equation
(2.11)). Figure 7.3 shows the Gaussian waveform and its corresponding PSD with a fixed
shape factor ( £) or pulse duration.

Several pulse waveforms might be considered but the Gaussian derivatives are more
suitable. As illustration, the one related to the second derivative of the Gaussian function

can be expressed as

o’ plt 2 2
a’;z( )=(1—4ﬂ;je p (7.7)
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Fig. 7.3: Energy spectral density (ESD) of a Gaussian pulse.

Note that the second derivative of the Gaussian pulse is usually referred as “the pulse
at the receiver”. In other words, the second derivative will be obtained at the output of
transmitting antenna if the antenna is fed with the first derivative of a Gaussian

waveform.

7.4.1 PSD-Pulse width variation and differentiation

As illustrated in Fig. 7.4, the pulse width is related to the shape factor. Reducing the
value of f will cause a shorter pulse and thus, increase the signal bandwidth. Therefore,
we simulated the same waveform (Gaussian, 1* derivative) with a different shape factor.

As shown in Fig. 7.5, by increasing the shape factor the power will be shifted to a
lower frequency and the pulse magnitude will decrease in frequency domain. Note that
we cannot excessively increase the pulse duration (7)) since that will result in inter-
symbol interference (ISI). Differentiation of the Gaussian pulse also influences the PSD
and it is possible to find a relation between the frequency, the order of differentiation (n),

and the shape factor (S or T)).

Chapter 7: UWB Pulse Shape Effects -164 -



D T T T T T T
L e e 1| S/ e
F517) SORUN SOUUN SRS SOROL || DU /1 SN USUON SOONE SO
T S | i S

—_ : Eincrea ing shape factpr
E Ddp-mmmrommmmamooes sgap “““ D “““ T
= 1 1 1 ] ]
(=] : : . : . :
] SRt SRRt SR Sl | S Sk SR S SRR SR
g- : : : : : : : : :
Y] NSO P A o 1 A O S
< . . . . : : :
L R B B 11 | B e S
R N A 1 [ St et ey
71 RS RS S S || U S S S —
I I I I I I I I

Time(s) | 10

Fig. 7.4: Gaussian pulse in different pulse shape factor
£=[0.3,04,... 0.8]x10”

10
N
L
(]|
=
a 10
7]
Ll
10
b
| | i |
45 5 55 B
Frequency(Hz) w 10"
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To approach this matter, it is necessary to consider the Fourier transform of the n'

derivative of pulses, which has the following property [3]

n_" 2 1

B (f)oxc fre f=J;N; (7.8)

This equation shows that increasing the order number will increase frequency. In other
words, a higher differentiation will move energy to higher frequency bands, thus causing
higher power efficiency and lower margin fading in particular frequency bands. Figure
7.6 shows the first ten derivatives of the Gaussian pulse as function of the shape factor.
To further evaluate the effect of the differentiation order on the PSD, we determined the
derivate waveforms (Fig. 7.7).

We limited the waveforms to the 4™ order since higher orders are not practical. In fact,
even in theory the Gaussian pulse can be infinitely differentiated, it is usually limited to 4

or maximum 5 derivatives.

Frequency(GHz)

03 04 05 06 07 08 08 1 1.1 12 13
shape factor(ns)

Fig. 7.6: Frequency function of the shape factor for the first
ten derivatives of the Gaussian pulse.
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Therefore, let us consider the following equations by deriving the 1* Gaussian pulse

shape equation.

M
p L
-3
P (t) = _4£”t e ¥ (7.9)
p(?,) (t) — _4'\/572' 672;;‘ 16\/_7[2 2 ,ZZ;
Vi Vi
27t? 27t?
p(4) (t) — 48\/557T2t e_ ﬁZ _ 64'\/;_772'3l‘3 e_ ﬁ.z
B
2712 271% 2712
P (1) = 482’ T 38aar' 256«/_ 7t
B B

Figure 7.8 shows the effect of the differentiation order on the pulse waveform and the
Electrostatic discharge (ESD). Note that ESD is directly related to the PSD of pulse
shape, i.e., by increasing the ESD, the PSD will be increase. As expected from (7.8), the

simulations show that higher derivatives cause the ESD to move to higher frequencies.
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7.4.2 Gaussian pulse BER

The bit error rate in a white channel can be expressed as, [12]
Pr, =Q( 7, (I—RO (s))) (7.10)

where R, (a‘) is the autocorrelation of the pulse p; (t) If R, (6) is positive, the receiver
experiences a loss in performance, i.e., an increased signal energy will be required to
achieve the same error probability. If Ro(g) i1s negative, the performance will be
improved, showing the role of the PPM shift, ¢, in the design of a PPM modulator.

Figure 7.9 shows this improvement in terms of pulse autocorrelation for various order

numbers. The optimum PPM shift, ¢ , is the ¢ value that satisfies the following

opt 2

condition:

Ry(&,,)<R,(¢) (7.11)

Thus, the bit error rate can be reduced by increasing the pulse duration, Fig. 7.10.
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This can be attributed to the following:

e By decreasing the pulse duration, the inter path/pulse interference (IPI) and the

inter symbol interference (ISI) will be reduced (lower overlapping) and thus the

BER performance will be improved. If the number of chip/frame (N, = %) is close

to the number of multi-paths N_, the effect of IPI and ISI can be ignored and a
better channel impulse response (CIR) is obtained, especially in an ENLOS case

which deals with high multi-path numbers. By decreasing 7, it is possible to
decrease 7, and thus, N, will increase. Note that in multi-user case, reduction of
T, will be more effective and important.

e By decreasing7, , the signal power moves to the desired frequency (3.1-10.6GHz),

and the receiver captures more signal energy and thus increases the SNR. However,

the synchronization will be complicated by reducing 7, (7, < ).

7.5 PSD of pulse derivation, pulse combination, and pulse period

It has been shown that both differentiation and pulse width variation affect the ESD of
the Gaussian pulse. Meeting emission masks set by the regulation authorities is a typical
task required from UWB designers. For this purpose, we analyzed the possibility of
tuning the PSD by combining a single reference pulse and its derivatives (e.g., a Gaussian
pulse and its derivatives).

For simplicity, we assumed that this combination is linear and that the generated
waveform can be assimilated to one pulse instead of several. To adjust the ESD to satisfy
the FCC masks, using a high number of Gaussian pulse derivatives and very narrow-band

pulses (lower than 7, ) should be avoided. Improved solutions will involve a combination

of pulses that includes the following:

e Modified combination: combine the Gaussian derivatives either by using a same

shape factor (Linear combination) or by choosing different S values for different

Chapter 7: UWB Pulse Shape Effects -170 -



derivatives, thus providing a high degree of flexibility while generating the pulse
waveforms.

e Least square error (LSE) combination.

For each approach, we considered two cases: the first allows different f values for
derivatives. However, this may require a higher number of iterations to guarantee the
requested link. While in the second, all derivatives have the same S value.

Figure 7.11 shows a comparison between the required emission mask and the PSD of
different Gaussian derivatives and the modified combination when the same pulse shape
£ =0.614ns is applied.

For the second case, the results in Fig. 7.12 show that we have a better approximation
of the mask than in the first case, thanks to the increased bandwidth of the higher
derivatives. However, the implementation of the modified (Random) combination will be

easier than the higher pulse derivatives [3].
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Fig. 7.11: PSD of the Gaussian pulse derivatives and the modified combined
waveforms with the emission mask. f=0.614ns
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As in Fig. 7.13, the PSD of the modified combination will move to lower frequency
band by reducing the pulse period 7. But in practice, it is not recommended to change T,

since increasing 7 results in low data rate and decreasing 7y is limited by channel delay.
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Fig. 7.12: PSD of the modified combined waveform with different 3.
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Fig. 7.13: PSD of the modified combination for different pulse periods.
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A more systematic way of selecting such coefficients is to apply standard procedures
for error minimization such as the least square error (LSE), in which the following error

function must be minimized [8]

+00
e=|
—o0

where P, (f) represents the emission mask and F(f) the PSD of the lincar

P, (f)-F(f )\zdf (1.12)

combination (Modified combination with same shape factor).

The PSD envelope is mainly determined by the Fourier transform of the impulse
response P(f) of the pulse shape. Using P( /) in place of the exact PSD simplifies the
optimization problem while computing the voltage v(t) representing the mask bound in

time-domain. The targeted emission voltage mask can be obtained by dividing the power
emission mask, normalized by 1/75, by the free space impedance, taking the square root,

and applying the Fourier transform. In this case, the error can be defined as:

dt (7.13)

As a general remark, the LSE method cannot guarantee by itself compliance with the
emission mask. The optimization procedure is based on an average quadratic distance and
does not impose bounds on a frequency-by-frequency basis. In order to guarantee
compliance with mask for each frequency, error minimization should be performed.
Compared to linear combination, the LSE method has a better power efficiency, Fig.
7.14.

Figure 7.15 compares the PSD of the LSE and the linear combination for different
pulse shapes. As expected, decreasing the pulse width moves the power to the high
frequency bound and causes high power efficiency as well as lower bit error rate. Note
that by increasing 7, or decreasing the PSD of the linear combination, the LSE could be
fixed to the Emission mask, Fig. 7.15-b.

Chapter 7: UWB Pulse Shape Effects -173 -
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Fig. 7.15: a) Comparison of the PSD of LSE and linear combination for different pulse
factors, T, = 107%, b) Lower PSD of linear combination.

7.6 Hermite-Based Orthogonal Pulses

The sine and cosine system is known historically as a set of orthogonal functions in
communication systems. In recent years, other complete systems of orthogonal functions
have been used for theoretical investigations as well as for equipment design. The use of
modified Hermite polynomials to create an orthogonal transform or even to create
orthogonal wavelets for multi-carrier data transmission over high-rate digital subscriber

loops has been proposed [13]. The Hermite polynomial is defined by [6], [13]

7 t
4| o

P, (1)=(-2) e —ole (7.14)

where n =0, 1, 2, ... , -o0 < ¢ <+oco and 7 is the time-scaling factor (pulse width regular

element).
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By expanding the equation (3.16), we obtain

t d d n
p.,(O)==p, ()=t (p. (1)  —(r, ())="r. () (7.15)
As shown, the Hermite polynomials are not orthogonal; however, they can be

modified to become orthogonal as follows

LA T
p. (t)=(-7) e4fzrzd—£e 2*} (7.16)

The result is a set of orthogonal functions p, (t) which can be easily derived for all

values of n, Fig. 7.16. It has been proven that different orders of modified Hermite pulses
have lower SER than conventional pulses [11]. In addition, in a multi-user system, the
orthogonal pulses can be assigned to different users to decrease the co-channel ISI and
BER, [11], [13].

Based on simulations, we achieved the following:

e The pulse duration and the bandwidth are almost the same for all values of ».
e The pulses are mutually orthogonal.
e The pulses have non-zero DC components (n =0), and in fact, the low frequency

components of the pulses are relatively significant, Fig. 7.17.

The autocorrelation of the modified Hermite pulses for different n, displayed in Fig.

7.18, shows that the width of the main peak becomes narrower as the order increases.

Chapter 7: UWB Pulse Shape Effects -176 -



AMP

o
Lk =0

1= = = = H

Fig. 7.16: Waveform of Hermite orthogonal pulses for different orders

PSD

Frequency(Hz)

Fig. 7.17: PSD of the Hermite orthogonal pulses for different orders

Chapter 7: UWB Pulse Shape Effects

-177 -



Ok .............. R

= s s
L L 1
EN SR

DE__ .............. . '. ............. :
: : Do : : :
04 ............. .............. L. ............. .............. :

.......

autocorrelation

02b L

N1 | TR RN S . e ..............

Time « 107"

Fig. 7.18: Autocorrelation of the modified Hermite pulses for different orders.

7.7 Conclusion

In this chapter, we demonstrated that both differentiation and pulses width variation
affect the PSD of a Gaussian pulse and can be used to shape the transmitted waveform.
According to FCC specifications on UWB radio frequency constraints, a pulse shape for
indoor UWB devices should be strictly limited in time to remove interference while at the
same time, should have its power distribution inside the 3.1-10.6GHz frequency band. To
maintain this wide bandwidth, improved performance and avoid complexity, the fifth-
order derivative was found to be good candidate for indoor systems. By increasing the
shape factor and decreasing the differentiation order, the power will be spread over a
smaller bandwidth. This can be used to occupy different bandwidths by adjusting the
shape factor.

Finally, the Gaussian pulse has been chosen due to its simple circuitry. On the other
hand, other pulse shapes and corresponding derivation levels exhibit slightly better
performance but they add more complicity to the transmitter section, therefore limiting

significantly their usage.
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Chapter 8 NBI Cancellation in UWB RAKE Receivers

8.1 Introduction

Ultra wide-band (UWB) communication systems have been extensively studied in the
recent few years due to their wide potential applications, particularly in short-range
access wireless communications. However, some key UWB receiver parameters, such as
narrowband interference (NBI), still need more investigation for optimum performance,
especially in the presence of color noise. In fact, NBI plays a crucial rule in UWB
receiver performance since it reduces the receiver signal-to-noise ratio (SNR), thus
directly affecting the probability of error and consequently, the system capacity [1].

Though UWB pulses propagating through obstacles can be scattered, creating
multipath pulses that remove energy from the primary pulse, UWB technology allows the
separation of the direct pulse [2]. One of the solutions for increasing the receiver SNR is
to use a RAKE receiver, which takes the advantage of UWB selective frequency fading
to combine energy from multipath pulses. However, in case of extreme non-line-of-sight
(ENLOS) and channel delay, the rake receiver requires more correlators, thus leading to
higher circuit complexity [3].

An ideal RAKE receiver (IRAKE), expected to capture all multipath energy, can be
used as reference. But in practice, a partial RAKE (PRAKE) or selective RAKE
(SRAKE) receiver is more suitable [4]. In this work, a simple PRAKE receiver structure
is proposed, which combines the number of selective paths (LP) and the first arrival path
out of the total multipath (LI) components [5]. To reach such target, we analyzed the
performance of PRAKE while optimizing the number of fingers of the filter bank (FB),
its stepped impedance resonator (SIR), and the symbol error rate (SER) [6]. We also
assumed a causal, statistical channel including interference noise (color noise), tones and

narrowband noise.

Chapter 8: NBI Cancellation in UWB RAKE Receivers - 180 -



In terms of pulse modulation, M-pulse position modulation (M-PPM) and M-pulse
amplitude modulation (M-PAM) were considered. As for the shape, we assumed up to
the fifth derivative of a Gaussian pulse [7].

We also used the indoor UWB IEEE channel model [8], which considers statistical
path loss for ENLOS and the effects of pulse shape and distribution in different

environments to efficiently predict the overall performance of UWB systems.

8.2 Pulse Modulation for NBI Cancellation

In narrowband cancellation, the first step is to select the most suitable modulation type
and level that allow both circuit simplicity and efficient SER performance. To achieve
that, different pulse modulation receiver schemes such as the M-PAM and the M-PPM
were first evaluated with additive white Gaussian noise (AWGN) channel model [6].

Then, other types of noises were considered.

8.2.1 IR-UWB Receiver

This section analyzes the receiving signal after propagating over the radio channel.
We first assumed perfect synchronization between transmitter and receiver (in real case,
due to the very short pulse duration, receiver performance is sensitive to synchronization
error [2]).

The UWB radio signal is ideally composed of a sequence of pulses that do not overlap
in time. While ISI among pulses is ideally absent in the transmitted signal, it might not be
the case after the signal has traveled through a real channel. For example, the pulses
might be differently delayed, and replicas of pulses due to multi-path may cause ISI.

At the receiver, the reference signal is corrupted by two main noise components [6].
The first group is the narrow-band noise that can be represented by a white Gaussian
random process. The second noise source is the tone/multi-tone noise.

In continuous transmission, multi-path causes rapid fluctuations in the receiver signal
envelope, thus severely degrading the receiver performance. On the other side, in the IR-

UWB case, multi-path reflections result in a sequence of delayed and attenuated replicas
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of the transmitted pulse. Therefore, by combining the multi-path pulses, the energy used

in the decision process can be increased.

8.2.2 UWB receiver in multi-path-free AWGN channel

Let 7, (t) be the useful signal at the receiver. This signal could be corrupted by

additive thermal noise n(t), assumed to be a stochastic Gaussian process with a two

sided PSD % . The total receiver signal can be expressed by [2]:

r(t)zru(t)+n(t) (8.1)
r(t)=h(1)*S(¢t) (8.2)

where S(7) is transmitter signal, /() is channel impulse response and 7, () is an

attenuated and delayed version of the transmitted signal(receiver signal), with different

modulation schemes.
r,(t)=xS(t-7) (8.3)
In this equation, the channel gain (attenuation) y and the delay r depend on the
propagation distance D between the transmitter and the receiver. z can be obtained from

T =§ where C is the speed of light. An optimum receiver for an AWGN channel is

composed of two blocks: the correlator and the detector. The role of the correlator is to
convert the receiver signal into a set Z of decision variables, while the role of the detector

is to decide which signal waveform was transmitted. Assuming that the transmitter sends

information using different waveforms, S, (¢), within a symbol interval, T,,,, S, () can
be generated by N orthogonal basis functions, written as [9]:
N-1
Su(1)=2.Su¥ (1) (8.4)
=0
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S =[S, (), (¢)dt (8.5)

After substitution the receiver signal can be rewritten as
N-1

r(t)= Z 28, %, (t—=7)+n(t) (8.6)

k=

The output decision variable Z, of the correlator receiver for r(t) (Fig. 8.1) can be

expressed as

I;ymﬂ'
Zo=[ " (0¥, (=)= Sy ne= [ (0 (c-T)de 8.7)
k=0,..N-1 :
‘Po(t—r)
> X = J‘T' dr —»

> J dr |—p

T

A 4

Fig. 8.1: Structure of the receiver signal correlator

Let the mnoise components,n,, be uncorrelated Gaussian variables with

u=0, o’ :%. The Maximum likelihood (ML) criterion was applied to optimum

detection of the signal. It selects among the M possible transmitted waveforms. Figure 8.2

shows the optimum receiver for AWGN channel based on the ML criterion.
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Fig. 8.2: Optimum receiver for AWGN channel.

r(t) - S, (t—z') -E, /2 C(r.S,.)

8.3 Mathematical approach for PPM receiver

8.3.1 Receiver for binary orthogonal PPM
Binary orthogonal PPM transmitted signals can be expressed as [1]
E. p (t
s, (1)= | VEn P 1) (8.8)
E. p, (1) where p, = p,(t—¢)

where E is the transmitted energy per pulse p, (t) These pulses will be orthogonal if

¢ 1s greater than the pulse duration 7} (& >T,). If we assumed a Gaussian random noise
. N . o .
with =0, o~ = N the average bit error rate probability for a binary orthogonal PPM

signal is

Pr, = Q( E—R) (8.9)

where E, = ZZETX is the received energy per pulse. Note that the transmitted bits are

assumed independent and equally probable.
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8.3.2 Receiver for non-orthogonal binary PPM

The receiver structure for orthogonal and non-orthogonal PPM is the same, except that

for the later, the PPM time shift ¢ is smaller than the pulse duration (& < ). Hence, the

signal coming out from the correlator is

g ) =+JE [1-R,(2)]
S =—@[1—R0 (5)]

where R, (¢) is the autocorrelation of the pulse p,(¢). The average bit error rate

(8.10)

probability in this case is:

Pr, =0 JERX(I_RO(‘?)) @.11)

NO

8.3.3 Receiver for orthogonal M-PPM

M-PPM can be considered as an extension of B-PPM where ¢ should be larger than
pulse duration in order to maintain orthogonality. Figure 8.3 shows the optimum receiver

for M-PPM.

po(1—7)
| |
T\),mw N
[ ar >
Select the Estimation
Largest [~ >  symbol
r(l) —> Pt (l‘ —T)
ZM*I
Tytt g
'(5 — | ar >

Fig. 8.3: Optimum receiver for orthogonal TH-M-PPM.
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The decision variables at the output of the correlator are expressed as [10]:

Zy= XS0 1

8.12
Zy, = XS m(m-1) 1y, (8.12)

with

T .
S = En jo‘ po(t—me)p, (t— je)dt .

The M possible generated waveforms are assumed having equal probability of 1/M .

Thus, the average error probability on the symbol, Pr, is the probability of misdetection

on one of the symbols and is presented as [11]

00

M-1
| 1_% i d]
...exp[%l(y_m)z}dy

(8.13)

8.4 Mathematical approach for PAM receiver

8.4.1 TH-BPAM-antipodal

In this case, two possible signals are generated by the transmitter [1]:

ETx o t

Sm(z):{ P (1) (8.14)
E.. p (t): —ER D, (t)

The optimum receiver is thus composed of one correlator as shown in Fig. 8.4. In this

figure, the correlator output is Z = ys, +n, with n a Gaussian random variable with

N,
=0, o> =—".
H 2
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8.4.2 DS-BPAM-antipodal

The scheme shown in Fig. 8.5 is a modification of that in Fig. 8.4, highlighting the ¢,

term that indicates the /™ binary antipodal coefficient of the DS code assigned to the user
under examination and m(7)=c Py (1—7) the correlation mask of the correlator.

The bit error rate is expressed as

2F
o [

Note that the binary antipodal PAM requires half energy compared to BPPM to

achieve the same bit error.

m(t—1)p,(t—7)

Estimation
T+ Z Bit
r(t)=xs,(t=7)+n(t) I, at > {Z>0b:0 —

Z<0 b=1

A

Fig. 8.4: optimum receiver for antipodal TH- BPAM

m(t—7)
Estimation
ot Z Bit
V(t):Cj}(Sm(t—T)+n(f) J.TT dt > (7-0b=0 —>
{Z<Ob:1

Fig. 8.5: optimum receiver for antipodal DS-BPAM
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8.4.3 Optimum Receiver for M-PAM

The received signal of M-PAM can be expressed as [1]

r(t):sm (t—z')+n(l).

where
5, (1) = A4,Ep 2y (2) L s S S Vo (8.15)

Its optimum receiver has shown by Fig. 8.6.

Do (t—r)

r(t)=zs, (t=7)+n(1) —»é—» [ ar 1—2 | Threshold |

Detector

y

Fig. 8.6: optimum receiver and equivalent for M-PAM

The average symbol error will be expressed as [1], [2], [6]:

Pr = 2(M 1) QL 6log2(M)E'&J (8.16)
M (M>-1)N,
with
2
E,=(4,) E, =(%j E,, (8.17)

Note that £, has a different meaning from £, . In M-PAM case, E ,, is the received
energy in a pulse and does not coincide with the average receiver energy per pulse E, ;

however, assuming 4 =1, they will be equal.
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8.5 Indoor UWB Channel Model

Accurate channel characterization allows correct evaluation of key parameters like
frequency spectrum and transmitted power.

In narrowband systems, multipath propagation leads to multipath fading, while in
UWB systems, monocycles commonly do not overlap because the pulse width is smaller
than the channel propagation delay. However, only limited work has been achieved on
UWB channel modeling. Parameters to be involved in such models include signal

characteristics, delay distribution, and pulse shape distortion distribution.

8.5.1 1IEEE 802.15.3a UWB Indoor Channel Model

Several works have been done to model indoor/outdoor LOS/NLOS scenarios [2], [3],
[7]. However, in case of extremely NLOS environments (ENLOS), the above parameters
have to be carefully evaluated [12]. Therefore, we introduced a new expression for the

impulse response in an IEEE 802.15.3a UWB indoor channel model as

h(t)=GY. > e, 8(t-T,~7,) (8.18)

G is a log-normal random variable representing the magnitude of the channel gain; N
is the number of clusters and K the number of multi-paths for a particular cluster.

a, =pB,.e" is the number of multi-path complex random variables per cluster, S is a

statistically independent random variable with Raleigh distribution, and 6, a statistically
independent random variable with uniform distribution representing the pulse multi-path
inversion. 7}, is the time arrival for n™ cluster and 7, the multi-path delay, for a particular
cluster distribution. To avoid complexity, the average cluster delay used in the valuation

was defined as

N N 2
T, = Zrnzanz /G —[Z T a’ /Gj
n=1 n=1

(8.19)
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The proposed expression that expresses the IEEE indoor channel (equation (8.18))
covers not only the pulse amplitude distortion per cluster but also the pulse shape/phase

distortion as well.

8.5.2 Random channel

As stated above, the IEEE model assumes that all channel parameters are time-
dependent. This approach is accurate but not practical, especially for indoor channels. We
thus investigated for a simpler model which can reduce the simulation time. The impulse

response of a random channel is defined as [7]

N
h(?) ;ana(t nt,) 5.20)

In this equation, there is no assumption for pulse shape distortion or channel
propagation. Therefore, it presents a major drawback when applied to impulse ratio
technique (IR) and does not account for the pulse shape variation due to reflection or
penetrations through material. Also, the angle of pulse arrival distribution is neglected,
the gain attenuation distribution is uniform and the attenuation decay has a same rate,
implying low complexity receiver design and thus, higher probability of error. Note that
in the proposed channel model we covered most channel characteristics such as pulse
shape distortion, multipath delay as well as various attenuation scenarios (referring to

8.18).

8.6 UWB Noise Modeling

For accurate noise modeling, three different noises were considered namely, AWGN,
narrowband interference noise (based on the autocorrelation function), and tone/multi-
tone noise. Figure 8.7 is a schematic representation of the equivalent noise filter with
di(n) the discrete impulse response of the i" filter and er(n) = h(n) + w(n) the template
receiver signal, n being the discrete time sampling. 4(n) is the channel impulse response

and w(n) the total noise while <y(i) y(j)> represents the noise autocorrelation matrix.
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Fig.8.7. Equivalent receiver with various noises.

8.6.1 AWGN

Let w(n)=f (O, O'WZ), with /" a Gaussian noise distribution function that passes

. . 2 . .
through the filter with zero mean and covariance O,, . The output noise autocorrelation

can be expressed as [6]

R (m)= <x(n)x(n + m)> =0,6(m)

R, (m)=<y(n)y(n+m)>=0W22j(;h(r)h(r+m) - Ry(m):awz% (8.21)

where m and n are discrete time sampling. x(n) the input noise and y(n) the output noise
after passing the filter/channel which impulse response is denoted A(z). If only AWGN
channel is assumed, the noise average distribution is zero, and thus, the sum of filter
bandwidths will be the same as the overall UWB bandwidth. So, with a white noise
assumption, there is no point to split the bandwidth to narrowband using filter band

approach or NBI mitigation.

8.6.2 Narrow-Band Noise

The desired deterministic narrow-band noise Z(n) and its autocorrelation R.(m) can be

defined as [4]

Z(n)=y,(n)cos(2zvn)+y, (n)cos(27vn)

2 M cos(27zvn)

R (m)=R, (m)cos(2zvn)=o >, (8.22)
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v(n) and ys(n) represent the output sinusoid noise autocorrelation at frequency v and a
the channel coefficient. R,(m) is the autocorrelation of the total interference noise while

&° is the noise variance.

8.6.3 Single Tone Interference with Filter bank

Thus, we added to the AWGN a single tone interference with center frequency f; and
magnitude A;. Let us split the desired bandwidth (3.1-10.6 GHz) using a number of band-

pass filters, Ny< N The related noise covariance matrix Q. is given by:

QC =o.l,  to; 2 HHT (8.23)
with
1 =[ DE,(1,),DE,(1,),-DE,, (£,)] (8.24)

where DE,(f;) is the Fourier transform of the channel parameter de,(n) and o7 :‘Af ‘ the

variance interference. The eigenvectors of Q. span the signal space into Ny dimensions.

Under tone noise, the eigenvalues can be formulated as, [6]

N finax 2
ool S pEG)

i

& if o?=0 (8.25)
Thus, the average receiver SNR output can be obtained as:
- N N. -1
SNR =23 B B ) B ! 8.26
: Nf i=1 ' O-‘i 1 Nf fma ( ’ )
Jimax max Jmax Ui + (71 DE (f ‘
s E, 1 oj. E,
- SRy - = (3.27)
0' +0 Z DE(fl)‘
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Without interference noise, the above equations can be reformulated as

for o; =0, while with the interference, © ,2 increases and thus, SNR_ will decrease within

the following range

N, -1 —_
T T E g L (8.28)
N 2 z 2
Fos Ow o,

Actually the tone noise model investigation represents here the multi-carrier receiver
(DE,(f,).DE,(f,).-) that will be matched to the filter bank with different filter number
Nr. Note that with an UWB noisy environment, we cannot avoid complexity; so most of
designers assumed a white noise (AWGN). However this assumption is not accurate,
especially when dealing with weak UWB receiver signals. Therefore, the filter order is a

key design parameter in presence of strong NBI noise (color noise).

8.6.4 Multi-Tone Interference (Filter bank Case)

At this stage and for simplicity let us assume independent N; tones with random
magnitude and equal variance. Also, let the number of distinct interference tones be N;
with equal variance and independent. The noise covariance matrix with N; interference

frequencies f; ... fyscan be expressed as, [13]
. — | ——T\ —=T
Q. =0l +H<D,D, >H (8.29)

J— T
where D, =[ 4..4y, | with 4; the interference tone coefficients (N; Gaussian random

variables). Also,

H(f) - H(fy) o 0
H=|. .. .. H,(f,) = DE,(f)); Q,=<E,E,T>= .........
HN/ (fl) "'HNf(fN,) ; 0 .. 0-1%/,
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while the matrix eigenvalues can be determined from [13] as

(r-02)" ‘(x o2 )1, O, H HJQ,|-

If we assume that the interference frequencies are sufficiently separated then,

(8.30)

0'12;|Hk( e
JO A -
/ H, (fo)z

(8.31)

and

N,
o2+ |DE, (1)
A= k=1

1
2 .
loj N, <i<N,

w

i=1,2,..N,

The average output SNR can be thus obtained as

N
(SNR,) 2%‘ = NN—N ]l\i Z Nf’l
CNE S lon, ()
k=l

(8.32)
Note that

N,-N, E
—L L0 <(SNR,)<—%
N, o, o, (8.33)

So it is clear that compared to single tone, multi-tone SNR is worse since reduced by a

N, -N,
factor of —10log| — N .
f

So the solution will be to increase Ny In practice an optimal correlator can be set to

N ... = 10, making the interference noise negligible. For such value, the BER is very low

and thus, we used this number for further simulations.
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8.6.5 Correlated Multi-Tone Interference Noise

Let us consider now a more general case with closer multi-tone frequencies and

correlated interference signals at the filter output [13]. The eigenvalues can be stated as

PSRN B YR/ B
(2-) 1 (a-e)™ ) (8.34)

where Az are the eigenvalues of H. Thus, we can easily extract the single tone case

(26 TT(A-02 ~0ia2m)=(2-02 )" (A=02 —0222,)

k=1

with
o.+oil;, i=1
7 = 2 .
o, 1<Z<Nf (8.35)

A similar procedure can be used to extract the independent multi-tone noise

eigenvalues from this general case.

8.7 Theory and Performance of Various Rake Receivers

8.7.1 Rake Receiver Theory

A received multi-path signal 7(#) consists on the superposition of several attenuated,
delayed and eventually distorted replicas of a transmitted waveform [4]. The typical time-

hopping transmitted output signal used by an impulse radio is, [6], [13]

()= X B (-1 -7, ~al) (836)

Here /% is the ™ transmitter clock time, 7, the M-chip time, and 7} the pulse repetition
time. P, is the transmitted pulse waveform assumed monocycle. c‘(,.k) is the time-hopping,

or pseudo-random sequence (integer value, periodic), that provides additional shift of the
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ok k) .. .
pulse train Cﬁ- )Tv . a§- e is the data sequence modeled as a stationary random process. If

propagation fluctuations within an observation time 7 >> T} (bit period) and path-

dependent distortions can be neglected, the receiver signal can be written as

N k(n)

’”(t):X\lETX Zzzank%l’w (t_ﬂ:' —9; _T”k)+n“"“’ (7)

jon=l k=1 (8.37)

Here X is the log-normal distributed channel gain, E7y the transmitted energy per
pulse, N the number of clusters, k£ the number of multi-paths, &, the channel coefficient,
a; the ;™ pulse magnitude, @; the time dithering associated to the ;™ pulse, and 7, the
delay correlated to the " path and the n” cluster.

There are different strategies for exploiting diversity that can be adopted by a receiver,
such as Selection diversity (SD), equal gain combining (EGC) and maximal ratio
combining (MRC) methods [4]. In MRC, the different contributions are weighted and the
weights are determined to maximize the SNR before the decision processes. The optimal
receiver matched to a single waveform corresponds to the first correlator. In the rake
receiver case, the optimum correlator must include additional correlators associated with
the different replicas of the transmitted waveform [2], [12] (also known as correlation

mask m(¢) as shown in Fig. 8.8).

m(t)

x(t) () Wi
Tl
@ e
m(t)

w2 Zr

» b —@—» [a —@
H : Detector

e

A 4
N
=
5
&

Fig. 8.8. Rake Receiver with Nyparallel correlators and time delays 7 ([10])
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From Fig. 8.8 Zris the sum of the weighted signals

ZT:JZ::‘WjJ;r(t)m(t—Tj)dt (8.38)

which can be also expressed as

OO NGRS W )

T,

(8.39)

T is the observation time and 7 the propagation delay corresponding to the j* path.

By simplifying (35), we can draw the equivalent rake receiver structure shown in Fig.

8.9.
mR(t)

) _>®_. [

Fig. 8.9. Equivalent Rake Receiver Structure, DET= Z_T

Zt

pET > &)

A 4

The output of the bank of correlators feeds the combiner, which is function of the

diversity and the set of weights.

8.7.2 Rake Receiver Capacity

If we assume that the source has a Gaussian distribution, the capacity of IRAKE

receivers is equal to [5].

M
M ZP(y/xk)
k=1

1
C=Imax(xﬂy)=10g2(M)_MZ;Ip(y/xm)log2 P(y—/x) dy (8.40)

where P(y / xm)is the probability of data variable x sitting in the y channel area

(time/frequency domain).
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Let us consider the following equations to reach the final capacity definition, [5]

[S"S|[1+QsS™| =[sS"||[1+Q sS|

S[I+Q¢ss|=[ss" (1+Q¢ss")

(8.41)

where S is the UWB transmitted signal. We thus obtain

S|1+QSS"| =[S"S +SQ7SS"S| = [ +S"Q{SS| (8.42)

leading to

SST+
C= %logz L&J = %logz (1+8"Q¢s)

Q]

8.7.3 Results

The rake receiver performance is generally evaluated knowing the coefficients of the
channel impulse response. A receiver with good tradeoff between complexity and
performance is a PRAKE. Since we used ENLOS as opposed to LOS, we should increase
the number of fingers to get the same performance. Note that the number of fingers also
depends on the tradeoff between the transfer signal parameters and the receiver design
[6]. Table 8.1 summarized the transmitter signal and channel parameters in LOS/ENLOS
scenarios. As shown, the ELNOS scenario has higher delay and distortion.

The minimum SNR of the filter bank with general match filter (GMF) is smoothly
better even at lower bound and independent of any interference magnitude as shown in

Fig. 8.10.

Table 8.1. Transfer Signal Parameters.

P;=-30dBm Channel LOS Channel ENLOS
N,;= 10, Tau = 0.25ns Ao=47dB Ay=51dB
T,=10ns, T,,= 0.5ns X=240%10"° X=72%10°
F.=20GHz, TPPM = 0.5ns RMS = 6.3ns RMS =22ns
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Fig. 8.10. BER of IRAKE and PRAKE receivers without filter bank

8.8 Proposed NBI Cancellation Method

Using a filter bank can reduce the effect of narrowband interference and inter pulse
interference (IPI) [5], [9], [14]. Figure 8.11 shows the receiver design model with the
filter bank. The response of the filter bank impulse shown in Fig. 8.11 is displayed in Fig.
8.12. It uses ten filters to remove the effect of tone noise. However, our purpose is to take
advantage of inter symbol interference (ISI) and inter pulse interference (IPI).

Let us assume a number of band-pass filters (BPFs) uniformly spaced with lower and
higher corner cut-off frequencies f;, = 3.1GHz and fz= 10.6GHz, respectively. Let us also
assume that SNR with white noise is independent of the number of filters.

The following equation shows that there is no benefit to use filter bank if the noise is

assumed white (which noise PSD is constant):

Nh
Z hczh SNR _ SrBVVch _ SrB VVch _ Sr
S Ny(Bj, + By +...) NBW, N, (8.43)

SNR y6xn =

with A, the channel impulse response, S,the receiver signal, BW,, the desired

bandwidth, and N, the noise power. B, is the bandwidth of the n"™ BPF filter.
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Fig. 8.11. Receiver with the filter bank diagram (From [6])
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Fig. 8.12. 2" order Butterworth filter with ten filters

By adding the tone noise, the scenario becomes different. In fact, even with only two
filters, the capacity and BER becomes strongly dependent on the interference due to the
leakage of the second filter (Figs. 8.12 and 8.13). As illustrated in Fig. 8.12 and 8.13, the
BER and channel capacity are improved by applying filter bank. This is due to the
dimensionality of the noise subspace being reduced to a single dimension, while the filter

bank is dependent on Fl.
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Fig. 8.13. BER comparison without filter bank and for various filter numbers
(Low receiver SNR)
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Fig. 8.14. Capacity for various filter numbers (Low receiver SNR)

8.8.1 Filter bank Specifications

The second order biquad section is modeled after the analog band-pass filter with

Quality factor Q and center frequency w.[14] (Fig. 8.12)

wC
— S

Q (8.44)

sP+ s +we?

H(s)=
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with

1-B ch
0=
‘WC
2 2
NI
A=WC+7Z'Bﬁ, B= %VC = 252
‘—Az-i-jA-i-WC2 (WCZ—AZ)2 we
Q Q’

Note that the energy per channel filter can be expressed as, [1], [9]

length(h,,)

(8.45)

This energy varies significantly for each channel impulse response /,(n) that is

randomly determined. The signal outputs have to be generated for each band-pass filter.
In each case, we correlated the output of each filter with the matched filter weights
applied to the correlator following each of the BPFs is a rake receiver. The outputs of the

Nrrakes are then combined according to the GMF weighting algorithm [9].
The weighting coefficients are determined by W=QgS and the related noise

covariance matrix is defined by

o0

Qe, =(ny, ) =23 h, (0, ()R, (e~1")

#=0 k=0 (8.46)

Here R,, is the autocorrelation of the IRAKE weighting coefficients. Finally, the SNR

output decision variable was calculated using the model shown in Fig. 8.11.

=(2*)-(z)' =8"Q¢s | SNR, =S'Q/S

With low receiver SNR, Fig. 8.13 shows a BER comparison without filter bank and
for various filter numbers, while Fig. 8.14 shows the capacity performance vs. the filter

number.
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As illustrated, by using filter banks, both BER and capacity have been improved even
with strong interference. It also shows that with higher SIR (lower interference), the

performance with lower number of filters number is similar to that with higher number.

Therefore, a maximum number can be practically setas N, <0,

8.8.2 Channel Estimation

Note that we assumed that the proposed channel model is stationary since the channel
variable rate is much smaller than the pulse rate. In ENLOS case, the effect of the
transmitted energy time dispersion is more evident than in LOS case. In fact, as shown in
Figs. 8.15 and 8.16, all over 50GHz (corresponding to 50GHz/100GHz = 0.5 as
normalized frequency) and considerate receive energy even after 130-150ns. Compared
to the LOS case, this will increase the pulse period and the channel impulse response
components will be more spread over the frequency domain (almost 3 to 4 times as in
Fig. 8.17), which indicates more multipath and channel attenuation.

Even if the existing IEEE model is relatively efficient [3], it needs more fingers
(correlator numbers) to capture more pulse energy leading to more complexity in the
receiver design. On the other hand, increasing the receive pulse energy spread in time
interval, causes higher RMS and higher pulse period (7;) and consequently, lower data
rate and lower performances. Therefore, a new approach to capture more pulse energy
and reduce the number of receiver correlators should be investigated.

As shown in Figs. 8.18, 8.19, and 8.20, in LOS case, accurate channel estimation is
not necessary and thus random channel modeling will be enough. In fact, in the presence
of a strong receiver signal (negligible NBI), the channel delay and distortion will be
ignored and the random channel estimation will be enough (for example if there is no
tone noise or WLAN in the receiver environment). On the other hand in the ENLOS case,
the IEEE channel estimation becomes more accurate due to multipath (weakest receiver

signal) and NBI as shows in Figs. 8.21, 8.22, and 8.23.
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Fig. 8.15. Random channel impulse response.
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Fig. 8.16. IEEE channel impulse response (ENLOS case)
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Fig. 8.17. PDP of the IEEE channel (ENLOS case)
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Fig. 8.18. SNR and SIR of the IRAKE receiver (LOS case)
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Fig. 8.19. BER of random and IEEE channels (with and without filter bank) — LOS case.
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Fig. 8.20. Channel capacity of random and IEEE channels (LOS case)

In Fig. 21, we can see that by using filter banks, SNR requirements are the same for
both IEEE and random channels, which demonstrates that accurate channel estimation is
not required in the presence of filter banks. Similar conclusions can be achieved for BER
and channel capacity tests (Figs. 8.22 and 8.23). Indeed, filter bank took advantage from
the UWB frequency fading [7], [9].
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Fig. 8.21. SNR and SIR of the IRAKE receiver (ENLOS case)
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Fig. 8.23. Channel capacity of random and IEEE channels (ENLOS case)

8.9 Performance Evaluation

We performed Monte-Carlo simulations to evaluate the IRAKE/PRAKE receiver
performance with filter bank (Figs. 8.24 and 8.25). In this simulation, we swept over the
SIR and at each simulation point, noisy samples were generated and GMF weights
determined for the two cases namely, with and without filter bank and single bit rake. We
also assumed Rayleigh fading instead of Nakagami fading [2].

Figure 8.24 shows the Monte-carlo IRAKE receiver BER comparison with/without FB
and with single bit rake receiver, (SBR). As shown, without FB, SBR and IRAKE

receiver have almost same performance but with FB the improvement is significant.
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Fig. 8.24. Monte-Carlo simulation with/without filter bank and single bit rake in terms of
BER.(NF=50, Ny=10)
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Fig. 8.25. Comparison of SNR with and without filter bank using the same number of
fingers (NF=50, N;= 10)
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These Monte-Carlo simulations have been set with 100 iterations with 10% channel
propagation parameter tolerances in ENLOS case. Note that in order to reduce the CPU
time, time channel parameters have been set independent to each other.

Figure 8.25 also shows improvement with the filter bank while comparing the
requirement SNR (receiver sensitivity) of PRAKE and IRAKE receivers with and
without a filter bank, in the ENLOS case. It has been then demonstrated that, by using
filter bank, the IRAKE and PRAKE receiver performances become quite similar with
NF=50, Ny= 10.

Figures 8.26 and 8.27 show BER and channel capacity for IRAKE/PRAKE receiver in
terms of SNR requirement, when ISI, tone and AWGN noises were added to the pulse
signals, highlighting a 10dB SNR improvement with the filter bank. This result clearly
highlights the importance of using the suitable UWB fading model. Also, in a noisy and
higher interference environment where the average channel delay is high (high RMS
[10]-[12]), the effect of filter banks is much more significant as the filter banks take
advantage of overlapping signals. Hence by using filter banks, the number of fingers can

be reduced to capture the same amount of signal energy.
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Fig. 8.26. Channel capacity with and without filter bank for different numbers of fingers
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Fig. 8.27: Number of Fingers with and without a Filter bank (ENLOS)

The above figures also show that we need at least twice the number of fingers (NF) to
achieve comparable results without the filter bank. In fact, including filter banks
improved receiver sensitivity (lower SNR) but other parameters as well such as
IEEE/random channel capacity and BER while dealing with color noises (i.e., when the

noise PSD is function of frequency).

8.10 Conclusion

A new NBI cancellation method for UWB systems has been proposed. It provides
effective suppression of narrowband interference based on filter bank consisting of low Q
analog band-pass filters easily implementable in monolithic circuits. The analog filter
bank is obtained by a combination of IRAKE and GMF processing. First, the type of
modulation and level suitable for NBI has been evaluated, considering an UWB indoor
channel. The 4-PPM transmitter signal has been selected due to its noise orthogonally and
required lower bandwidth that corresponds to the higher modulation level. As
demonstrated, with an optimized number of ten BPF filters covering the entire UWB
spectrum, the suppression of almost 10dB of narrow band noise is possible (noise

BW=50MHz).
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In addition, the SIR level is negligible regardless of the number of filter banks.
Increasing the number of filters even with low SIR will increase the SNR out of the
GMEF. In fact, the determinant of the noise covariance matrix will be close to zero; hence
the filter bank output becomes linearly dependent.

Also the performance of the PRAKE receiver has been compared with the IRAKE
receiver with the filter bank and combining the GMF, based on the number of fingers
(correlators). With the filter bank, the required number of fingers was decreased, while
the channel capacity increased and the bit error probability decreased. The reason is the
output SNR of the GMF will be increased by reducing the total noise power, especially in
the presence of strong/correlated multi tone noise.

Even if UWB receivers look simpler compared to narrowband systems, we
demonstrated that with strong NBI (color noise/undesired UWB signal), this simplicity is
quite difficult to achieve even with taking advantage of wideband frequency selective
fading.

Thus, we proposed an original NBI cancellation method for UWB systems which
provides effective suppression of narrowband interference based on filter bank or channel

dimensionality.
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Chapter 9 Conclusions and Perspectives

9.1 Conclusions

In any selective UWB channel, especially when narrowband interference cancellation
has to be considered, filter design plays a key role in the overall communication system
performance. For this aim, different filter parameters were investigated under strict
specifications to get the most suitable band-pass and stop-band filters for UWB
applications. However, since in this work filter sharpness and size are the most significant
parameters to consider, the Hourglass and the Type II Chebyshev filters have been
retained.

Further, we investigated the performance of UWB-LNA circuits, highlighting the fact
that the CG-UWB-LNA input matching not only depends on the LNA circuit biasing but
also still needs to approach the minimum UWB-LNA requirements. In fact, even if
theoretically, CG matching is independent on frequency, we demonstrated that its input
matching requires an input matching network leading to high sensitivity to noise and
biasing. For accurate evaluation, Cadence IBM-130nm processing and real active-passive
components were used as well as some considerations about layout limitations.

In addition, it is very difficult to boost the gain while maintaining a reasonable noise
figure. Also the biasing increases the core-LNA transistor parasitic capacitors, thus
reducing the gain and increasing the noise figure even without further layout
considerations. To solve this issue, some boosting techniques were considered and the
CG-CS-UWB-LNA configuration was evaluated, with the conclusion that this
configuration is not suitable in our case. Also, its gain is lower compared to the CS-
UWB-LNA and needs some boosting techniques, implying even higher noise figure. In
addition, the linearity was not significantly improved with the CG-CS-UWB-LNA
because the first linearity stage is low and the second stage gain is not so high. Therefore,

the CS-UWB-LNA with the ChevIl BPF has been finally retained.
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Then, an efficient MB-UWB-LNA circuit for double band issues to mitigate WLAN
interference, has been designed with an input series Chevll-hourglass SBF.

Different series and parallel topologies (BPF, SBF and their combination) were added
to the main circuit to select/mitigate desired/undesired frequency bands.

Next, different UWB pulse modulation schemes were evaluated and their performance
compared in terms of narrowband interference robustness, BER/SER, simplicity, data
rate, and maximum transmit power with respect to transceiver distance and channel
capacity. This demonstrated that B-PAM has the highest data rate in terms of maximum
distance and transmit power. However, M-PPM has better power efficiency and channel
capacity, at the expense of increased complexity and bandwidth. If bandwidth is not an
issue, the M-PPM is the best candidate, due to lower spectral lines which indicate
smoother PSD, higher orthogonally of noise and narrowband interference robustness.

Finally, because of signal orthogonally and lower spectral lines while considering
tradeoffs between receiver complexity and optimum performance, the 4-PPM can be the
best candidate.

By investigating the pulse shape characteristics, we showed that both differentiation
order and pulses width variation affect the PSD of the Gaussian pulse and thus can be
used to shape the transmitted waveform. According to the FCC specifications on UWB
radio frequency constraints, a fifth-order derivative pulse shape for indoor UWB systems
can be designed to efficiently remove interference while still containing its power
distribution inside the 3.1-10.6GHz UWB frequency band. Even if Gaussian pulses were
considered due to their easy generation, other pulse shapes and derivation level can lead
to slightly better performance but will add more complexity to the transmitter section.

In the last part of this work, an original NBI cancellation method for UWB systems
has been proposed. It provides effective suppression of narrowband interference based on
filter bank or channel dimensionality. An analog filter bank was obtained by a
combination of IRAKE, PRAKE and GMF processing. As demonstrated, an optimum
number of filters can be deduced for maximum performance.

Also the performance of the PRAKE receiver has been compared with the IRAKE

receiver by using filter banks and combining the GMF, based on the number of fingers
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(correlators). With this option, the required number of fingers was decreased, while the
channel capacity increased and the bit error probability decreased.

Finally, by adding filter banks, the sampling rate issue can be solved and can be
matched with existing commercial analog-digital converters that not require high

sampling rate.

9.2 Perspectives and Future Works

In this research, many important issues have not been considered or have been
considered with simplified assumptions. There are many areas that can be extended,

including:

e Evaluate various types of filters in terms of higher stop-band attenuation, SBA, and
stop-band width (SBW) with respect to the filter order and complexity. Higher SBA
is indeed necessary for some applications such as sound and video applications.

e Investigate advanced CG-UWB-LNA input-matching techniques especially for
emergent communication bands like the unlicensed 60GHz band, to take advantage
of the cut-off frequency independency in the high frequency spectrum part.

e Improve current-mirror circuit performance to mitigate shot noise. In fact, the most
important source of shot noise for the bias and buffer sections is the current mirror
with frequency response limitation. Differential current mirror configurations can
improve the buffer gain especially in high frequency applications (e.g., 60 GHz).

e Reduce the number of inductances in the circuit using methods like zigzag LC
ladder. This evaluation could be based on capacitance layout issue and power gain
reduction.

e Improve the UWB filter-bank model. In the present work, we assumed perfect filter
impulse response and synchronization. It will be more realistic if the analog filter

bank (AFB) model is implemented.
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e Compare the performance of other NBI cancellation receiver techniques based on
complexity and channel capacity. Instead of using the AFB in the analog section, it
may be possible to use a mixer with a bank of low pass filters.

e Evaluate the performance of other multi-user transmission methods such as OFDM.

e Investigate techniques for multi-user detection (MUD) in UWB systems. In the
present work we used single user detectors.

o Simplify the receiver demodulator block by exploring some equalization techniques
of the transmitted signal.

e Characterize the outdoor channel estimation. This area requires deep research in
terms of channel parameters based on the purpose of interference.

e Consider multi-antenna systems (MAS), which have some benefits for wireless
communication systems. They could be useful in the presence of obstacles in the
wireless link (by combining narrow-band and UWB systems to take advantage of

fading).
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