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ABSTRACT

Road traffic accidents are considered as the third cause of human deaths worldwide, while
leaving many others with severe injuries and/or in psychological and economical fragile

situations.

Therefore, several research works have been achieved to improve the reliability of transportation
systems. During the last few years, intelligent transportation systems (ITS) have been developed,

focusing on traffic-safety and traffic-assist systems, to name a few.

One of the most common ITS, that integrate between communications and information

technology, is the radar sensor working at 24 GHz.

In this work, the first mixer stage of a modified ITS radar receiver was designed with an output
intermediate frequency of 5.2 GHz, i.e., covering frequency bands accessible to emergency or
police services, two of the front-line services involved in road accidents.

The designed Gilbert cell mixer uses the 0.15 um PHEMT GaAs technology. With a conversion
gain of 8.7 dB, a single sideband noise figure of 7 dB, a linearity of -13.5 dBm as well as an

isolation more than 30 dB, this mixer largely meets the Radar specifications.
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Chapter 1

Introduction

1.1 Motivations

With about 1.2 million deaths on the roads, road crashes are considers as the third leading
cause of death in the world. When it comes to Canada, five to six persons are dying daily
because of road accidents [1], [2]. In parallel, road traffic injuries have social and economic
costs, psychological effects, and lots of care should be given to the injured people by their
families or by special caregivers.

On the other hand, road crashes are very expensive in terms of both material cost (damages to
vehicles and infrastructures) and human cost for treatment of injured/disabled people. So road
accidents have received unprecedented attention and the safety in transportation systems

becomes a global concern [2].

A recent joint report launched by the World Health Organization (WHO) and the World Bank,
demonstrates that much could be done to increase the safety on the roads and to reduce the toll of

deaths and injuries [1].

Increasing road safety and enhancing the transportation system involve improving services to
travelers, helping meeting targets related to journey time reliability, providing real-time
information to assist route planning, reducing congestions and subsequently road accidents,
pollution, travel time, travel cost, and greenhouse gases, while increasing traffic mobility and
economic productivity. These enhancements and improvements lead to the design of Intelligent
Transportation Systems (ITS) [3]-[5] (Figure (1.1), [5]).
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Figure (1.1) some vehicles benefits from ITS [5].

Intelligent Transportation Systems have emerged with the objectives of providing safer, greener,
and more efficient way to the transportation systems while involving advanced communication

tools, information processing, and control systems [6].

ITS, working on connecting between vehicles and/or between vehicles and their environmental
infrastructure, must operate in autonomous way to sense the surrounding environment for the

vehicles, process the received data, and take the suitable decisions.

Sensing technologies, used to get data, could be classified into the following categories: radar,
lidar, and sonar. The most common communication technology used in ITS is the radar, which
gives immunity to weather conditions and potential for lower cost realizations [2], [7].

Radar receivers have many blocks including the mixer. In this research, a Gilbert cell mixer was
designed using the 0.15um pHEMT GaAs technology provided by WIN Semiconductor
Corporation. This technology has been retained because of its good low noise performance and
high cut-off frequency as well as its better efficiency and linearity.



1.2 Thesis Contributions

In this thesis, the main contribution has been to propose a modified configuration of a 24 GHz
radar receiver for intelligent transportation systems (ITS). With two conversion stages, the
suggested receiver configuration approach increases the ability for image rejection while
reducing its sensitivity to DC offset, figure noise and second order intermodulation. The first
mixer converts the input 24 GHz to 5.2 GHz, thus giving direct access to WLAN systems used
by emergency or police cars. The second conversion stage will give access to Next Generation
Weather Radar (NEXRAD) systems that use the 2.7-3.1 GHz frequency band for meteorological

purposes and whether forecast

Designing the first mixer while meeting the ITS/WLAN standards was the second contribution
of the present work. The circuit was designed using the 0.15 um GaAs PHEMT low noise

technology, thus assuring the desired high dynamic range and low noise.

1.3 Thesis Organization

The content of this thesis is divided into six chapters. After this introductory Chapter,
Chapter 2 provides general information about radar receivers used in ITS, particularly in the 24

GHz ISM band. Then, the radar receiver link budget is discussed.

Chapter 3 introduces the basic mixer design parameters and the different types of mixers. Then,

the advantages of the Gilbert cell mixer over other types of mixers are highlighted.

Chapter 4 presents the design of three microstrip hybrid couplers required at the mixer ports. In
fact, beside the mixer itself, three 3dB 180° micro strip couplers were designed, i.e., one for each
of the three mixer ports (RF, IF, LO); two of them convert the two single input signals (RF and
LO) to differential ones while the third coupler combines the output differential signals to a

single IF signal.

Chapter 5 presents the design process of the Gilbert cell mixer. Both schematic and layout
simulations were performed and compared, leading to a successful mixer design, largely meeting

the required specs.



Finally, Chapter 6 summarizes the contents of this thesis and provides ideas for future research

on the topics discussed in this thesis.



Chapter 2

Radar Receiver

2.1 Radar Types and Selection

Radar is the most promising and robust solution to vehicle sensing requirements in terms of
environmental conditions, measurement capabilities, and ease of installation. The best frequency
to use for radar depends upon the targeted application. In fact, this choice of frequency involves
trade-offs between several factors such as transmitted and received powers, physical receiver
size, antenna beam width, and atmospheric attenuation. Radars for vehicle applications usually
use two frequencies: 77 GHz and 24 GHz; this later being the most used because of its higher
reliability, accuracy, and sensitivity over the 77 GHz. Also, 24 GHz radar is easier to handle; its
level gauge is smaller and is more suitable for high directivity antenna array systems. It has also
better performance in azimuth angle and in range measurements, thus, suitable for automotive

applications like parking aid, pre-crash detection, and blind spot detection [8]-[10].

A radar is a complex electronic and electromagnetic system constituted by a transmitter, receiver
and antenna. It is composed of many different sub-systems, themselves composed of many
different components. The basic principle behind the radar depends on bursts of radio energy
transmitted into the air “these bursts are electromagnetic (EM) waves at microwave frequencies.
If there is an object in the path of the radio wave, it reflects some of the electromagnetic energy,

and the radio wave will bounce back to the radar device” [11].

With respect to the radar itself, the transmitter and the receiver could have two separate antennas,
thus called bistatic radar. A radar having same antenna for both transmitter and receiver, is called

monastic radar. Figure (2.1) shows both bistatic and monastic radar [7].

In terms of operation, the radar could be divided into continuous wave radar and pulse mode
radar. The continuous wave radar irradiates continuous sine wave into the space while the pulse

mode radar irradiates pulses of RF energy into the space [7].



In terms of covered area or distance that can be reached, the radar can be divided into short range
radar, medium range radar, and long range radar. Short range radar works in pulse mode and has
wide horizontal angular coverage with a covered distance of about 30 meters. It also requires
wide bandwidth. Medium range radar works at continuous wave mode with a distance up to
approximately 70 meters. It uses a narrow ISM band system, and the angular coverage is from
40° to 50°. Long range radar works in continuous wave mode. It uses a narrow bandwidth and an

angular coverage from 4° to 8° with a covered distance of about 200 meters [7].

Transmitter Transmitter

TX Antenna

/: ™ > P, o) P, <
“Duplexer Antenna Target N T Target
;_\\ N __,\ ad G, \"‘---i\ i
Y Gi"'_"“~—--"‘ @\ RX Antenna _~ @\

_ : ‘—/\ - : : e “.1 i s \q
- P, r i i I® P, r G’_ i / |

i : ™
Receiver R Receiver R |

(a) Monostatic radar (b) Bistatic radar

Figure (2.1) Monostatic and bistatic radar antenna [7].

2.2 Radar Equations

The ability of a radar to detect the presence of a target is expressed in terms of radar
equations used to predict the echo power and the interfering power. They help designing the
radar to meet the required specifications, establishing the relationship between the power of the
received signal and the target parameters, and providing means of predicting signal-to-noise
interferences ratios [12]. Figure (2.2) describes the wave propagation in the free space for radio

communications.

G, 1/(47R?)
P, A Y
]
A,=G,)’/(4r) 1/(47R%)

Figure (2.2) Wave propagation for radar sensing [2].



The relationship between the peak transmitted power P; and the received power Py, also called

bistatic equation, is presented by

_ PthGrAZO'
T (4m)3R/2R2 L

(2.1)

In this equation, G; and G, represent the transmitter and received gain, respectively. 1 is the radar
operation wavelength and o the target non fluctuating cross section. L is the general loss factor
that accounts for both system and propagating losses. R; and R, state for the distance between the
target and respectively the transmitter and the receiver. If the radar is monastic, the transmitter
and receiver distances are identical [13].

In real conditions, there is a difference between the received signal power and the transmitter
signal power due to factors like loss in the transmitted signal (from the transmitter to the
antenna), loss in the received signal (from the antenna to the receiver), attenuation of the signal
through the atmosphere, etc. [14]

P;G%A%0
SNR = ; 2
(4m)3R*KTyBNF

(2.2)
with P,the power radiated by the antenna, G the antenna gain, R the distance from radar to the
target, T, the effective noise temperature, A the operating wavelength, and o the radar target

cross section. F is the receiver noise factor and B,, the equivalent noise bandwidth (Hz).

2.3 Wireless Communications System Architectures

The architectures of the receiver could be classified upon the topology of the down

conversion: homodyne receiver and super heterodyne receiver.

The homodyne receiver, or direct conversion receiver, converts the input radio frequency (RF) to
the zero intermediate frequency (IF), which means that the input frequency (radio frequency) is

equal to the local oscillator frequency (LO). Figure (2.3) shows a simplified homodyne receiver.
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Figure (2.3) Simplified homodyne receiver [15].

This topology holds some advantages and disadvantages. The main advantage of this receiver is
that it does not need a band-pass filter between the low noise amplifier and the mixer to reject the
image frequency because the image is the signal itself. It also usually uses a quadrature mixing
configuration to separate the upper sideband signal from the lower sideband one (the quadrature
topology helps removing the problem of phase mismatch between the input frequency and the
local oscillator frequency). The homodyne receiver uses the double sideband to reconstruct the
desired signal in the baseband and allows high level of integration and high performance [16]-
[18].

The first disadvantage of this topology is the DC offset. In fact, the DC offset at the baseband
frequency, whether due to self-mixing or mismatches will be amplified by the large gain present
at the baseband chain. Another issue is the flicker noise. This is primarily due to the fact that the
signal has not been significantly amplified before encountering the high flicker noise region of
the receiver. Also, the non-linearity of the homodyne receiver is characterized by the 2" order
intermodulation distortion [16], [17] and more stringent dynamic range and reverse isolation.
The frequency drift problem is also a constraint, where the small drift can cause the direct

conversion receiver to become unstable [18], [19].

The second receiver topology is the super heterodyne receiver. In this most widely used
topology, the input frequency (RF) is converted to a non-zero intermediate frequency (IF) [19].
Figure (2.4) shows a simplified super heterodyne receiver.



B.and-Select INA Iqla ge-Reject Mixer C‘_hamlel-Select
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Figure (2.4) Simplified super heterodyne receiver [15].

The RF signal coming from the antenna is first filtered and then amplified by the low-noise
amplifier (LNA) to minimize the noise contributions from the following stages. An image reject
filter could be also used before exciting the mixer and converting the input frequency signal to an
intermediate frequency. At last another band-pass filter (BPF) can be used to select the IF
channel. Super heterodyne receivers have some advantages over homodyne receivers by giving
the designer the ability to improve the receiver performance through the selection of different

intermediate frequencies.

At the same time, if the IF frequency is high, the image position is far away from the RF signal
band and a band-pass filter can easily suppress this image. Figure (2.5) shows the effect of the
image frequency for a high IF frequency. Moreover, high IF frequency implies more power
consumption at the subsequent stage and the BPF for channel selectivity after the mixer will
need high Q-factor [15], [20].

On the other side, if the IF frequency is low, designing the BPF for channel selectivity purpose
will be easier but the image frequency cannot be ignored because more difficult to filter out
(Figure (2.6)).
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I

-
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Image
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Figure (2.5) Effect of image at high IF [15].

Low IF
Desired
Filter Channel Image
(1)
2 IF

Figure (2.6) Effect of image frequency at low IF [15].

So to alleviate the problem between low and high IF frequencies, a dual conversion receiver can
be proposed with double-conversion stages in super heterodyne receiver allowing higher IF for
the first conversion stage (so that the image is easier to filter out) and allowing lower IF for the
second stage (for better channel selectivity) [15], [21].

So for these aforementioned advantages for super heterodyne receiver, a modified dual

conversion super heterodyne receiver for radar applications is proposed in this thesis.
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2.4 Radar Receiver Design and Link Budget Analysis
2.4.1 Modified radar receiver

Radar receivers represent the input path of a radar communication system. Their main
function is to filter the echoes thus, providing the maximum discrimination between desired

echoes and undesired interference.

Figure (2.7) shows the modified 24 GHz dual super heterodyne receiver. The incoming signal
from the antenna passes through the first BPF to reject any unwanted signal outside the desired
pass-band. Then, the signal goes to the LNA and the first attenuator (to help adjusting signal
levels to avoid distortions [22]). After that, it goes to the first mixer to convert the input signal
frequency from 24 GHz to 5.2 GHz. This frequency has been chosen because of WLAN
applications. This high IF frequency will help rejecting the image frequency and reducing the

flicker noise.

Then, this 5.2 GHz signal is converted via a second mixer to 2.9 GHz. This frequency is
compatible with NEXRAD applications (2.7-3.1 GHz) for meteorological purposes and whether
forecast. It will help providing accurate whether monitoring and reliable and safe maritime
navigation, thus increasing safety of transportation of people and goods and facilitating the flow

of commerce. The output mixer signal is then amplified/filtered before processing [23].

RF_in, % 2 L % | IF_out

BPF1 DA _RAtten1
AMP1 -

Figure (2.7) 24 GHz Modified Radar receiver.

2.4.2 Link budget analysis

Link budget is critical in wireless communication receiver design. It helps determining the
detail specifications for each block from the receiver antenna to the last PA [24], [25],

accounting for all gains and losses.
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In 24 GHz automotive radar applications, the requirements are based on the FCC’s standards [2],
summarized in Table (2.1), while the corresponding link budget analysis is reported in Table

(2.2). From these tables, the radar will be long range radar type with a bandwidth of 100 kHz.

In order to meet the radar specifications, the link budget of the receiver was evaluated. The
required values for each block of the receiver have been selected carefully to meet the

specifications for the radar receiver (Figure (2.8), with details given in the appendix).

Because in this work concentrate on the first mixer, its design parameters (obtained from the link

budget) are summarized in Table (2.3).

Table (2.1) System specifications of the 24-GHz system [2].

Mode Specifications Values
Frequency Range 24.075 to0 24.175 GHz
Maximum Detectable Range 100 m
Range resolution 15m
Radar Maximum Detectable Velocity + 260 km/h (69.44m/s)
Velocity Resolution + 1.8 km/h (0.5m/s)
Probability of False Alarm le-6
Probability of Detection 0.9

12



Table (2.2) Link budget analysis for 24-GHz system [2].

Parameters Radar Mode
Function Range 100 m
Total Cycle 37.5ms
Receiver Band width 100 KHz
Transmitting Power 10 dBm
Transmitting Antenna Gain 22 dBi
Path Loss 200.2 dB
Radar Cross Section Gain of Car 49.1dB
Receiving antenna Gain 22 dBi
Signal power at the receiver input -97.1 dBm
Noise power at the receiver input -131.0 dBm
SNR at the receiver input 33.9dB
Receiver Noise Figure 8dB
SNR at the receiver output 25.9dB
Data Rate -
Ey/N, -
Required SNR (E, /N, for radio mode) 15dB
Link Margin 10.9dB
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AMPY DA _RAiten1 Mlx o NP2 DA_RAtten? AP BPF2
Gain (dB) 25 25 -3 83 -04 19 3 19 25
Su (dB) 55 -15 -100 | -10 . -10. -9 -100. -9  -345
Sz (dB) 55 i -15:-100 | -10: -10. -9 -100; -9 | -345

Out_P1dB (dBm)  100% | 131 | 100 -18.7 i -19.1: 147 | 100 147 = 100

Out_TOI (dBm) 100 25 100 : -18 @ -2.2 36 100 36 100

NF(dB) 25 21 3 105 04 39 3i 39 25
Out_Gain (dB) in chain. 25 225 195 278 274 464 434 624 599
Out_P1dB (dBm) in chain 100 128 97 227 177 115 8 149 124
Out_TOI (dBm) in chain. 100 25 216 346 296 22 184 339 304
In_NF (dB) in chain. 25@ 5 63 631 643 643 644 658 696 -
In_P1dB (dBm) in chain. -46.5 ® 49 -24  -27 -187 -191 -01  -31 100 -

In_TOI (dBm) in chain. -296® 321 -71 -101 -18 -22 168 138 100 -

W «100” is for ideal device parameter value
@ Value after the antenna [2]

Figure (2.8) 24 GHz radar receiver link budget analysis.
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Table (2.3) Mixer specifications.

Parameter names Values

RF Frequency 24 GHz

LO Frequency 18.8 GHz

IF frequency 5.2 GHz
Minimum Conversion Gain 8.3dB
Maximum NF (dB) 10.5 dB

Minimum P1dB (dBm) -18 dBm
Minimum IIP3 -8 dBm
Minimum leakage >20dB

Maximum Current (mA)

As low as possible

Maximum Power consumption (mW)

As low as possible

Minimum 811/822

<-10dB
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2.5 Conclusion

In this chapter, a 24 GHz ISM band radar for ITS system was investigated, highlighting the
advantages of this band over other dedicated bands.

A dual super heterodyne receiver has been selected as the proposed receiver for this system. A
link budget and desired specifications were then obtained, allowing deducing the target
specifications for the first mixer, the aim of this work. The next chapter will discuss the mixer

properties and design.
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Chapter 3

Mixer Theory and Configurations
3.1 Mixer Theory

The rapid growth in wireless communications technology has made increasing demands on
low power, low cost, and high performance receivers. As a major building block in front-end
receivers, the mixer performance significantly affects the response of the whole receiver. For
instance, a high mixing gain can suppress the noise contributions from the proceeding stages; a
low noise figure can reduce the gain requirement on the previous amplifiers, while a high

linearity mixer can increase the overall system linearity and dynamic range [26].

As shown in Figure (3.1), a mixer is a three port nonlinear circuit used to achieve frequency
conversion. The input signal is the radiofrequency (RF) signal, which frequency frr is combined
to a local oscillator (LO) frequency fo to generate an output signal at a frequency called
intermediate frequency (IF).

ﬁzF ﬁEF:l:ﬁo

fio

Figure (3.1) Fundamental mixer block diagram [27].

This input signal could be brought to a higher IF frequency (fzr + fLo) When it is transmitted;
the mixer is then called up-converter and is associated in the modulation process in the
transmitter. It can be also brought to a lower frequency (fzr — fio), thus becoming a down-

converter involved in the receiver demodulation process.
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3.2 Mixer Characteristics
3.2.1 Conversion gain

Conversion gain is the efficiency at which the input RF signal is converted to the desired IF

frequency. It can be expressed as the ratio between the output IF power and the input RF power

Conv. Gain = PIE (3.1)

Prr

The conversion gain of the mixer determines the signal level at its output, thus the mixer

linearity and dynamic range performance [28].

3.2.2 Noise figure
There are several types of noise sources in electrical circuits:

1. Thermal noise: this noise is produced by the thermal agitation of the charges in an electric
conductor and is proportional to the absolute temperature of the conductor, the most common

being the resistor noise. The thermal noise spectral density in a resistor R is given by
Nres=4KTR (3.2)

with K the Boltzmann’s constant (1.38*10% J/K) and T the Kelvin temperature of the resistor.
The maximum amount of noise power that a resistor can deliver to a load is when the resistance
of the load is equal to R.

The output power spectral density Sq is then given by

S.. =KkTB (3.3)

with B the noise bandwidth. It is important noticing that this available thermal noise power is
independent of the value of the resistor. Therefore, it is possible to get maximum transfer of

power to the load through matching without compromising the transfer thermal noise power.
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2. Shot Noise: this noise, which normally occurs when there is a potential barrier, is proportional

to the current passing through the device and is considered as white noise [29].

3. Flicker Noise: this noise (also called 1/f Noise or pink noise or excess noise) is due to the
random generation and recombination of carriers at the interface. The generation and
recombination life time of these carriers is large; thus this kind of noise is very dominant in
lower frequencies and negligible in higher frequencies. The power spectral density of the flicker
noise is reversely proportional to the device size frequency and bias current (the flicker noise
decreases with the increase in the channel width and frequency). It is usually defined by the
corner frequency f;, the point where the Flicker Noise is equal to the White Noise (Figure (3.2))
[29].

Amplitude noise

s

1Y

Noise power

Flicker Thermal/shot

£

c
Frequency

Figure (3.2) Noise spectral density [29].
4. White Noise: this noise has a constant magnitude of power over frequency range.

5. Burst Noise: This low frequency noise increases with bias current level and is inversely

proportional to the square of the frequency (1/f %) [29], [30].

To measure noise, two quantities are usually utilized namely, the noise factor F defined as the
ratio of the signal-to-noise (SNR) at the input port to the SNR at the output port:

F — Sin/Nin (34)
Sou/ Nout
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and the noise figure NF defined in dB as 10*log (F), We can distinguish two types of NF

namely, the single sideband noise figure and the double sideband noise figure:

e The single sideband (SSB) noise figure refers to the frequency band of the signal only
and not from the image. As shown in Figure (3.3a), the desired signal spectrum resides
in only one side of the spectrum (Signal input from only one side, but noise inputs
from both sidebands) [31], [32]. SSB means that the image is ideally attenuated.

The noise figure is an important factor in determining the dynamic range. Because it
depends on the operating frequency and biasing conditions of the mixer, minimizing

the overall noise means increasing the sensitivity of the receiver.

e The double sideband noise figure it more appropriate to describe the performance
noise of the mixer. Easier to measure, this noise is available from sidebands, the
desired band and the image band. As shown in Figure (3.3b), the desired signal
spectrum resides in both sides of the spectrum, thus doubling the IF power compared
to the single sideband while the DSB noise figure will be 3 dB less than the SSB one.

signal image

AN [\ ssBNF

(@)
signal image
VAR JJ\ DSB NF

(b)

Figure (3.3) (a) Single sideband noise figure, (b) Double sideband noise figure [33].
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3.2.3 Isolation

It quantifies the amount of signal leakage that may occur between two ports as reported in Figure
(3.4). Since the local oscillator is the most important signal, the isolations of the LO port vs. the
RF input port and the IF output port are critical parameters to consider. In fact, for some mixer
applications, the isolation should be as high as possible because the leakage to the input port can
remix with the input frequency (RF) and produce a (DC) offset Voltage, causing lost in the

information signal.

REF:IF

RF @ IF
RF:L())\AT / LO:IF

LO
Figure (3.4) Leakage directions between the ports [34].

This LO leakage can also interfere with an incoming signal, therefore causing second harmonic
distortion, a serious problem in homodyne receivers. On the other side, if the leakage from the
LO port to the output IF port is large, this may degrade the performance of the next blocks,

causing processing errors and/or saturation.

The isolation is also a good indication of how the system is balanced. This effect will be the
same if the input (RF) or output (IF) frequency leaks to the local oscillator port. This effect can
be removed by either AC coupling or sub harmonic mixing [35].

3.2.4 Linearity

Any nonlinear transfer function can be described (approximated) mathematically by a power
series expansion such as a Taylor series expansion; the number of terms in the series determining

how strongly nonlinear is the function [36].

Vo = Ko+ KiVin+ KoVE + KaVE + e, (3.5)
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In this polynomial function the first term is a constant involving dc component, while the second
represents the fundamental and the subsequent terms the harmonics [37]. If one tone signal
(Vi, = V1 cos wt) is applied to a nonlinear device, undesired components will be generated at
the output in the form of harmonics on shape nw, where n is a positive integer. When two tone

are injected to the same circuit, such as

Vip = V1 COSwqt + vV, CcoSwy t (3.6)

the output will contain all combinations of the above signals in the form of (+mw; + nw,)
where m and n are positive integers (Figure (3.5)); the sum |m|+|n| giving the order of the
intermodulation product. Table (3.1) shows the frequency components and magnitude of the

different terms up to the third order term for two tone inputs.

The second order term contains the second harmonic and the second intermodulation products;
the third term contains the third harmonic and third order intermodulation.

M, A fi £
2f1-f2 2f2-f1 I I
Ty ] N
fi f2 3fq-2f2 3f-2f, 2f, 2f2 3fy 32

Figure (3.5) Intermodulation spectrum representations [38].

The intercept point (IP) is a single parameter measure that characterizes the behaviour of the
nonlinearity (harmonic and intermodulation) in nonlinear circuits; it can be input or output
referred. It is defined as the point where the fundamental linear component and the considered
harmonic or intermodulation product (first, second, third, etc.) have equal amplitude at the output
of a nonlinear circuit. In practical circuits, intermodulation products will never be equal to the
fundamental linear term because both amplitudes will compress before reaching this point, so the
intercept point is a theoretical point [36], [40]. Of most interest is first order intercept point (IP1),

second order intercept point (IP2), and third order intercept point (IP3).
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Table (3.1) Summary of distortion components [39].

Component Amplitude

Frequency
K
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3 3
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1. 1dB compression point (IP1): the output power for the mixer increases linearly with the
injected input power regardless of the input power level. The point at which the output power is
1dB lower than its linear theoretical value or the input power level for which the conversion ratio
varies by 1 dB from its average value is called the 1-dB compression point, Figure (3.6) explains

the definition of the first order compression point.

The importance of this point is that it indicates where mixer starts to leave the linear region and
the harmonics become an issue. The mixer also generates spurs at the harmonics of the signal

frequency when the gain goes into compression.

Pout 7
[dBm] i

OCP1dB

4

Pin [dBm]

ICP1dB

Figure (3.6) P1-dB compression point [41].

In the design process the designer should be aware to operate the mixer under this point to get

the desired signal, and otherwise the input power will be transformed to heat and losses.

To measure the 1dB compression point, a single sinusoidal test signal (y(t) = A cos wt)
is usually applied to the nonlinear circuit. The 1dB compression point is measured by increasing
the input amplitude (A) from zero until the measured gain decreases by 1 dB. Theoretically the

input intercept point value (in terms of Taylor series expansion) will be equal to [36], [40].
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Ki
K3z

AldB = _|.145 (with one tone input) (3.7)

Let Poyt (1dB) and Pj, (1dB) represent the output power and the input power at 1dB, respectively.
The following equation shows the relation between them for the first order intercept point [42].

Pout (1dB) = Pin (1dB) + (G - 1)dBm (38)

2. Intermodulation products: as mentioned above, the output of nonlinear circuits like mixers
contains undesired components such as intermodulation. Figure (3.7) shows the second and third
intercept points. From these curves, it could be noticed that the second order intercept point
comes after the third order intercept point since the slope of the third order comes after the slope

of the second order intercept point; same for the output intercept points (OIP).

Both intercept points (IP2 and IP3) are important to characterize the linearity of the mixer but
usually, the second order intercept point is more applicable in homodyne down conversion
receivers. Since the proposed radar receiver is super heterodyne, the concentration should be

given more to the IP3 [43].
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Figure (3.7) 1P2, and IP3 compression points [43].

3. Third order intercept point: The third-order intercept point (IP3) is measured using a two tone

test by applying two closely spaced input tones (w4, w,). The third order products from the

mixing of these two tones with the local oscillator frequency occur at [(2w, + w;) * wy,]

and[(2w; + w,) *+ w;o]. However, the interest is on intermodulation products appearing in the

vicinity of the carrier frequency, i.e., (2w; — w,) and (2w, — w,) because, as they are close to

the desired intermediate frequency (IF band), it will be difficult to filter them out, leading to

possible errors in the received data as a result of corruption of the information-contenting signal.

As a rule of thumb the IM3 intercept point is approximately (10-15) dB above the 1dB

compression point (Figure (3.8)) [26], [44]. The IP3 could be obtained using the following

equation

(3.9)
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Figure (3.8) Third order intermodulation spectrum [45].

Based on the input/output powers used as reference, we can distinguish between the input
intercept points (11P) and the output intercept points (OIP). Thus, the third order input intercept
point (11P3) defined as [46] .

1 1
1IP3 = E(ZPinl"’ Pinz— (Psen— SNR) ) = E(Zpinﬁ' Pin2— Pim3+Ggs ) (3.10)

can also be defined using the input/output powers

1IP3= Pin + IDoutl ; IDout3 (311)

In these equations, Piy; and Pjn, are the received interference powers, P the sensitivity at w, -

w4, Pivs the third order intermodulation power, and Pj, the input power. Poy1 and Poys State for
the output power of the desired signal and the output power of the third order distortion,

respectively [28].

3.2.5 Dynamic range

The dynamic range is one of the figures of merit of nonlinear circuits. It is usefully used to

measure the receiver’s ability to handle a range of signal strengths from the weakest to the
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strongest. It also shows the capability of the receiver to detect weak signals in the presence of

large-amplitude signals.

The dynamic range could be defined either as the ratio of the smallest usable signal to the largest
tolerable signal or the amplitude range over which a mixer can operate without degradation of

performance.

The lower limit of the dynamic range is the receiver noise floor set by the receiver sensitivity,
i.e., the lowest input signal power that the receiver can successfully process (or the minimum

signal strength that can be detected).

The receiver sensitivity can be measured by the minimum detectable signal (MDS) which is
related to the receiver noise and the system bandwidth. The minimum detectable signal is the
smallest signal power that can be received or the smallest signal that can be detected above
noise, and it determines the minimum signal-to-noise ratio at the output of the receiver (SNRoy).
Larger negative numbers are generally better but, at the same time, too much sensitivity can

reduce strong signal dynamic range and 11P3 [30], [47]-[49].

The minimum detectable signal can be calculated using the following equation

Pinmindem = —174+10log (B)+ NF5 + SNR; 4g (3.12)

Where -174 represents the noise power (in dBm) and NF the noise figure for the receiver. SNRyy;
is the minimum signal-to-noise power ratio at the output [50].

The dynamic range can be defined through two parameters: the spurious free dynamic range
(SFDR) and the blocking dynamic range (BDR), as shown in Figure (3.9) [15].
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Figure (3.9) Dynamic range [51].

e The spurious free dynamic range (SFDR) is a commonly used figure of merit to describe
the dynamic range of an RF system. It could be defined as the input signal range from the
intercept of noise floor and fundamental signal power to the intercept of noise floor and the
3" order intermodulation distortion power. It could be also defined as the input range from
the minimum detectable signal to the maximum undistorted signal [28] [52]-[54]:

SFDR = %(ups— Noise Floor —SNR.;,) = %(IP?»—G ~MDS) (3.13)

where SNR,,;,, is the minimum detectable signal, IP3 the third order intercept point, G the

gain in dB and MDS the minimum detectable signal.

¢ The blocking dynamic range (BDR) shows when the receiver's sensitivity begins to drop in
the presence of strong nearby signals. It could be then defined as the input power range
from the intercept of noise floor and fundamental signal power to the input 1-dB
compression point. It is often used to measure a receiver's ability to tolerate a strong signal

without losing its sensitivity [55]-[57].
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3.3 Mixer topologies

Mixers can be classified into passive mixers and active mixers.

3.3.1 Passive mixers

This type of mixer exhibits losses instead of gain, so there is no amplification for the input
signal. However, it is widely used because of its relatively low cost, simplicity in the design,
high bandwidth, and high linearity [58], [59]. Also, it needs high local oscillator power which is

considered as one of the main disadvantages for this type of mixers.

Passive mixing can be obtained using passive switches driven by the local oscillator frequency.
By this way, the multiplication is realized by each switch commutating the input radio frequency
signal: the switch is turn on when the LO signal is above a certain voltage, and the mixing
process could be expressed mathematically by multiplying the RF frequency with a square wave,

this square wave being the LO signal.

In practice, such mixers are made of nonlinear diodes or FETSs; diode mixers having important
advantage over FET mixers because of their wider bandwidth (FET mixers exhibit high-Q gate-

input impedance that cause difficulties in achieving flat wide bandwidth).

Passive mixers in general exhibit better noise performance and lower distortion but very low port
isolation [24], [47].

1. Passive diode mixers: Diode mixers could be classified into:

e Single ended mixer (one diode): very simple to design. Usually, does not need any dc
power but the main issue in this type of mixer is the very poor isolation, therefore,
requiring filters (Figure (3.10)) [60].
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Figure (3.10) Single diode mixer [60].

¢ Single balanced diode mixer (two diodes): it has some advantages over single device diode
mixer like better isolation and rejection of intermodulation products (Figure (3.11)).

However, it needs larger LO power to operate [60].

Figure (3.11) Single balanced diode mixer [60].

e Double balanced diode mixer (four diodes): in this type of mixers both LO and RF signals
are balanced, providing both LO and RF rejection at the IF output, exhibiting high
intercept point, reasonable conversion loss (about 7 dB), improved suppression of spurious
products (all even order products of the LO and /or the RF are suppressed), more linearity,
and broader bandwidth compared to single balanced mixers (Figure (3.12)) [60]. However,
it requires higher LO drive power, two baluns, well matched diodes, and exhibits relative
high noise figure. Also, the ports are highly sensitive to reactive terminations [60].
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Lo RF

Figure (3.12) Double balance mixer [60].

2. Passive FET mixers: FET resistive mixers use the resistive channel of a FET to provide low-
distortion mixing with the similar conversion loss as diode mixers. Also, it exists single ended
FET mixer, single balanced and double balanced FET mixers as shown in Figure (3.13) [60].

Compared to diode mixers, FET mixers have better P-1dB compression point performance.

G 2

" E
: ;;IW i

aand

Figure (3.13) FET Resistive Mixer [60].
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3.3.2 Active mixers

These transistor mixers can provide gain from RF to IF signals, which, in turn, reduces the noise
contributions of the mixer and succeeding receiver stages. However, it is more difficult to
achieve good linearity, i.e., to obtain high third-order intercepts and 1-dB compression points [5].

As for passive mixers, active mixers can be classified as:

1. Active single device mixers: they use the LO signal to vary the transconductance of the

transistor. Among such mixers, we have:

e Single gate mixers: After passing through a low pass filter, the RF and LO signals are
applied to the gate of the transistor, the mixing operation happening because of the
nonlinearity of the transistor. However, some form of diplexing is required to separate the
LO and RF inputs which are incident on the same port, (Figure (3.14)) shows the general

structure of a gate mixer [5], [60].

'(’:' IN fitter
- and match
e

OUT filter our
and match -

LO

5 LO filter =

R and match L
o, O

Figure (3.14) The general structure of a gate mixer [61].

e Dual-gate Mixers: they use two gates to achieve the mixing process as shown in Figure
(3.15). Therefore, such topology allows the use of standard port matching techniques for
the RF signal and helps improving the IF to RF port isolation. This mixer provides better
linearity and mixing characteristic since LO port and RF port are inherently isolated and

the feedback capacitance between the output and either input is small [60].
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Figure (3.15) Dual Gate mixer [62].

2. Active balanced mixers: There are two types of active balanced mixers that are most

commonly used namely, single balanced mixers and double balanced mixers.

e Single balanced mixers: a single-balanced mixer takes a single-ended input signal and

differential local oscillator signal to output a differential signal (Figure (3.16)) [63].

LO+ LO-

RF

Figure (3.16) Single balanced mixer [5].
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The differential LO signals are applied to a switching transistor pair while the single ended
RF signal is applied to the lower transistor. Mixing process is performed by multiplication
performed by the switching transistor pair, so the value of the local oscillator power is
carefully chosen to switch the transistor on and off. This type of mixer is better in isolation
than single device active mixers or passive mixers, but is still lower than double balanced
mixers. The operation of single balanced mixer can be modeled as in Figure (3.17) [60],
[64].

o A,ﬂLme:lr IV

Ry conversion

0

o IF output

4
-« eLinear V->1
% conversion
RF input

Figure (3.17) Single active balanced mixer representation [60].

The lower transistor works as a transconductance amplifier, converting the input radio frequency
signal to an output current signal while providing gain. Then, the current signal goes to the
switching stage where the multiplication process occurs, resulting to the difference and sum of
the LO frequency and the RF frequency (up- or down-conversion). Afterwards, this current
signal will be transformed again to a voltage signal by the two load resistors R, where the
differential IF output would be taken [60], [65].

Single balanced mixers have moderate gain, low isolation, and low noise figure
performance but exhibit better handling capability and less power consumption than double
balanced mixers [41], [66].

e Double balanced mixers: Also known as gilbert cell mixers, these circuits use differential

signal for input and output as shown in Figure (3.18).
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So a double balanced mixer is no more than two single balanced mixers combined together

to form this cell. It has some advantages over single balanced mixer like better linearity by

canceling the second order distortion, high isolation between ports, and higher gain [67],

[68].
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Figure (3.18) Fundamental Gilbert cell mixer parts [69].

However, the selection of the appropriate mixer architecture for any design process basically

depends on the requirements for this system.

Based on the radar receiver link budget analysis performed in chapter Two, the Gilbert cell mixer

exhibits better trade-offs over other types of mixers either active or passive mixers in terms of

gain, linearity, noise figure, etc. [67], [70]. The double-balanced Gilbert cell configuration has

been then retained to design the proposed mixer.

3.4 Gilbert Cell Mixer Design

The Gilbert structure, first proposed by Gilbert in the 1960s, was initially used as analog

multiplier [24]. Well suited for the RFIC environment, this mixer configuration contains three

main parts namely, a differential pair, a quad pair, and a bias network.
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By taking advantage of this differential pair (considered as differential amplifier), the Gilbert cell
can fix feed through issues and provide high port-to-port isolations as well as high gain and low
noise figure. Indeed, because LO and RF stages are balanced, this circuit shows high LO and RF
rejection at the IF output (all the ports being inherently isolated from each other), increased
linearity resulting on high intercept points, improved suppression of spurious (all even products

of LO and RF frequencies being suppressed) [71]-[73].

At the same time there are some disadvantages for the Gilbert cell mixer mainly because it
requires a high LO drive level and three baluns. Also, the ports are highly sensitive to reactive
terminations, any small phase mismatch between the LO+ and LO- can lead to significant local
oscillator leakage. Furthermore, the Gilbert cell is not suitable for low voltage applications [74]-
[76].

Figure 3.19 shows a simplified model of the Gilbert cell. In this schematic, the lower two
transistors, the transconductance stage, convert the input RF voltage to a current signal and
amplify it. Then, these two transistors should be biased at saturation region where they work as
amplifiers. The bias point should be carefully chosen since it makes trade-off between the gain,

noise figure, and linearity of the mixer.

car [ >V
A/Lme ir |

conversion

9 IF output

« eLinear V->1

conversion

RF input

Figure (3.19) Gilbert cell mixer basic structure [77].

The LO signal should be applied to the upper four switches (transistors) to perform current

switching; the current switching stage is a time varying system which exercises the nonlinearity
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property to perform mixing operation. These four transistors should be biased in the deep triode
region (around pinch-off region) and the LO signal voltage should be high enough to perform
valid switching and to switch the RF current from one side to the other side of the differential
output pairs [28], [78]-[81].

Now suppose the input RF signal is vgr = Acos (wgr). This voltage is amplified and
transformed to a current signal gnvgg by the differential pair, with g, the transconductance. This
current signal goes to the upper quad transistors along with the LO input signal which function as
a switch to perform current switching. In fact, the LO input signal is a kind of square wave signal
whose amplitude is between -1 and 1 and frequency fio, therefore, generating odd harmonics and

leading to

I, =G, xVg cos(opt)x = cos Wrof ——— 08 3wl +..... J (3.14)
s

Now the harmonic terms could be filtered out and the result will be transformed to a voltage

signal by using the two load resistors R, thus giving,

vV .(t)=g R, %Vm cos(w, 1) - cos((u‘rrj,r)

=g, R, %Kﬂ ‘::é[cos(m,f — @)t +Cos(@, + @y, )r]} (3.15)

m

To calculate the desired voltage gain for a down conversion mixer, the up conversion term
should be filtered out and by dividing the output voltage over the input voltage the following

expressions can be deduced [82].

A, = = g R, = (3.16)
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3.5 Conclusion

In this chapter, the mixing theory as well as the different mixer configurations and properties
have been introduced and discussed. The preference has been given to Gilbert cell mixers for
radar applications because of their advantages over other types of mixers like higher gain, higher
linearity, higher isolation, etc. However they require two baluns to convert the single RF and LO
input signals to differential pairs as well as a combiner to combine the output differential signals
into a single signal. Therefore, three 3dB 180° baluns should be built. This will be the purpose of
the next chapter.
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Chapter 4

Coupler Design

4.1 Introduction

Rat-race coupler, or ring coupler, is a 3dB 4-port passive microwave component used for
power division or power combining (Figure (4.1) [83]), which S-matrix is in the form of [84].

S11 S12 S13 Sua 01 1 0
5] = Sp1 Sy Sy Saq | _—J |1 0 0 -1 (4.1)
S31 S3a S3z Sa v2 11 0 0 1
Sy Ss2 Saz Sy 0 -1 1
34/4
Zn '/ ""\/EZ(, '\‘ Zn
(A) .\\ /,:‘ /‘
,1/4\ /,1/4
Yy Ayl V4

® [O
Figure (4.1) Hybrid Rat-Race coupler [85].

The performance of the rat-race coupler could be characterized by the following parameters
considering P1, P2, P3, P4 the power at the input, direct, coupled, isolated ports, respectively [86]-
[89].
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e Coupling (K): the level of the input power that is coupled to the output port or the Ratio

between the power at the input port to the power at the coupled port

K =10log % —20log (S,.), dB 4.2)

3

e Directivity (D): shows the input power transferred to the coupled port without reflection

4

D =10log Ps_ 20log (@J ,dB (4.3)

14

e Through (G): the level of the input power transferred to the direct port or the ratio between

the input signal power and the output power at the direct port
G =10log % —20log (S,,),dB (4.4)
2

e Isolation (1): the amount of the input power that exist at the isolation port or the ability of

the coupler to prevent the input signal to travel toward the isolated port

| =10log % — _20log (S,,),dB 4.5)

4

e Return losses (RL): measures the input impedance matching or the level of power that is

reflected from the input port

RL=-20log (S,,) ,dB (4.6)

The other parameters are the amplitude imbalance, i.e., the difference in the amplitude power
between the two signals at the output ports, and the phase imbalance, i.e., the difference in the

41



phase between the two outputs ports signals phases. An amplitude imbalance of 1dB and a phase

difference less than 5° are generally accepted [90].

The operation of the rat-race coupler is summarized in table (4.1).

Table (4.1) (Conventional rat- race Coupler operation).

Excited port

Output ports

Isolated port

Phase difference
between the outputs

Port one Ports three and two Port four 0°
Port two Ports one and four Port three 180°
Port three Ports four and one Port two 0°
Port four Ports two and three Port one 180°

In this thesis work, since it is necessary to provide 180° degree phase shift for the differential
pair in the core of the mixer (RF Stage) and the quadrature switching pair (LO stage), as well as
to convert the differentials output ports to a single ended port, three 180° rat-race couplers should

be designed.

4.2 24 GHz Rat-Race Coupler Design
4.2.1 Ideal design

Figure (4.2) shows the ideal 24 GHz coupler, the objective being to have return losses and

isolations of at least 20 dB.
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P

Slan=20GHe
Shop=25 GHz
Shep=1.0GH

Figure (4.2) ldeal 24 GHz rat-race coupler schematic.

Figures (4.3) to (4.6) show the coupler performance in terms of coupling, return loss, isolation
and imbalance.

4.2.2 Layout design

A substrate with a relative permittivity of 12.9, a height of 100 um, a conductor thickness of
lum, and a dielectric loss tangent of 0.001 has been used to design the coupler through
transmission line models from the pHEMT GaAs package provided by Win Semiconductor

Corporation (Figure (4.7), leading to the layout shown in Figure (4.8).

43



T 0.0 h 4
2;_' & o2
ig 30— g 3'4__
BB 5] Z. 08
o i = E 7]
7T aa m1 = 08 p:eq—zat 00GHz
e freq=24 D0GHz 5 0] dB(S(1,2))}dB(S(1,3))=0.000
36 dB(S(1 2))=3.010 g 1o {(S(1,2)-dB(5{1.3))=0.
-3.8 T I T | T | T | T | T | T | T 1.2 T I T | T | T | T | T I T | T
20 21 22z 23 24 25 28 27 28 20 e e prc 24 25 i} P
freq, GHz freq, GHz
Figure (4.3) Simulated coupling. Figure (4.4) Simulated amplitude imbalance.
m4 ma
freq=24 00GHZ freq=24.00GHzZ
) dB(S(1,1)F-100.364 phase(S(1,2)phase(S(1,3))=-180.000
] o 165
e ,:
‘D_ @ 70—
—— -5l Juk]
"R"_".— _ w _1?5_
- ]
T5 0 £ Y
o m - I 180
oT -8 )
. = -125]
100— )
T = -1p0
120 — T — T T ] T T T T T T m
2 2 2z 22 2 X X X 2= E1EE,|.|.I|||||||||
freq, GHz Iz N B »m M B B I

Figure (4.5) Simulated isolation and input return loss.

freq, GHz

Figure (4.6) Simulated phase imbalance.

The obtained results for the transmission line model (Figures (4.9) to (4.12)), as well as for the

layout (Figures (4.13) to (4.16)), are within the acceptable predefined tolerances (i.e., a coupling

tolerance less than 0.5dB, an amplitude imbalance of 1dB and a phase difference less than 5°).
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Figure (4.8) 24 GHz rat- race coupler layout.
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Figure (4.11) Simulated isolation and input return loss.
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Figure (4.12) Simulated phase imbalance.
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Figure (4.15) Simulated isolation and input return loss.
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Figure (4.16) Simulated Phase imbalance.

4.3 18.8 GHz Rat-Race Coupler Design

The second designed Coupler is a 18.8 GHz Coupler for the LO port. As shown in Figures

(4.17) to (4.20), the layout results fit within the defined tolerance range.
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Figure (4.18) Simulated amplitude imbalance.
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Figure (4.19) Simulated isolation and input return loss.

m7

freq=15.78GHz
phase(S(2,1}))}phase(S(3,1)=180.128
G 2
D J
E 1804
= J m7
= 180
! ]
E.—: 170
k.'j J
o 180 L L L L L L (L I LI
14 15 16 ir 18 ] 20 21 22 3
freq, GHz

Figure (4.20) Simulated phase imbalance.

4.4 5.2GHz Rat- Race Coupler Design

The same process was followed for the design of the third coupler, i.e., the 5.2 GHz rat-race

coupler for the output port. As shown in Figures (4.21) to (4.24), the layout results fit again

within the defined tolerance range.
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Figure (4.23) Simulated isolation and input return loss.

Figure (4.24) Simulated phase imbalance.

4.5 Conclusion

In this chapter, three rat-race couplers have been designed, i.e., one of each of the mixer ports.

The good obtained responses will help preserving the symmetry in the differentials pairs, thus

expecting high isolation. The next step will be to design the Gilbert cell mixer.
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Chapter 5

Mixer Design

The mixer to design should meet certain requirements as detailed in Chapter 2. They are

summarized in Table (5.1) for reader convenience.

Table (5.1) Gilbert Cell Mixer Specifications.

Parameters Values
RF Frequency 24 GHz
LO Frequency 18.8 GHz
IF Frequency 5.2 GHz
Minimum Conversion Gain 8.3dB
Maximum NF 10.5dB
Minimum P1dB -18 dBm
Minimum [IP3 -8 dBm
Minimum Leakage 20 dB
Minimum S;; and Sy, -10 dB
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5.1 Proposed Gilbert Cell Mixer

The proposed Gilbert cell mixer schematic is shown in Figure (5.1). Compared to the basic
Gilbert cell configuration discussed in Chapter 3, a current mirror along with a source follower at

the output has been added.

The current mirror provides the required current to the mixer cell and, at the same time, increases
the common mode rejection ratio. The source follower stage at the output works as voltage

buffer to optimize the mixer performance.

Increasing the mixer conversion gain and linearity could be achieved by increasing the overdrive
voltage or/and increasing the transistor widths of the transconductance stage, which in turn will

suppress the noise contributions.

1&_ Differentizl Gilbert Measr
et

i

Figure (5.1) 24 GHz Gilbert Cell mixer: proposed schematic.
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However, increasing the current through the transconductance stage will increase the current
through the switching stage and load resistors, causing some drawbacks like increasing the
thermal noise and the voltage drop across these resistors; so voltage head room issues could

appear and the output voltage signal may clip.

Also, increasing the current through the switching stage will increase the noise figure, thus
requiring larger sizes for the transistors to handle the extra current in the switching pairs, leading
to more switching time. In fact, increasing the width of the switching transistors increases the
device capacitance. Thus, the unity gain frequency f;, which is responsible for the switching

speed, will be reduced and the switching process will be slower [91]-[94].

Moreover, increasing the size of the switching transistors needs more LO drive power to
complete the switching process, therefore, more dc power [95, 96]. Because of these drawbacks
in increasing the current through the load resistors and switching stages, a current bleeding
technique can be used to increase the current through the transconductance stage only without

increasing the currents through the load resistors or the switching stages [97].

This technique is shown in Figure (5.2); it has two current sources connected at the drain of the
switching stages and considered as part of the input stage. So the current flowing at the quad
switching stages is the difference between the currents in the differential pair and the currents
provided by the currents sources [98]; by this way, the current will be higher in the
transconductance stage, while the current through the load resistors and switching stage could be
reduced .

Therefore, this technique has been used in the present work to improve the design. In Figure
(5.1), this stage is represented by the two resistors connected from the main voltage source to the

drain of the transconductance stages.

52



VDD

=R RZ |
Ibias/2-sL ) Ibias/2-eL
L/¢\l IsL e J:\.I
Ny N

e[, I =" o

M1 M2
RF+4| } Ibias/2 Ibias/2 ;g }7RF-

Ibias

Figure (5.2) Current bleeding technique [98].

5.2 Transistor Sizing

The Gilbert cell mixer design process can be sequenced through different steps, the first being
to adequately size the different transistors

5.2.1 Transistor sizing for the RF-LO stages

The transistor sizing for the RF and LO stages is a trade-off between mixer gain, noise figure,

linearity, power consumption, and unity current gain frequency.

In this design, the transistors of the RF stage were sized so that the current passing through them
ensures minimum noise figure. As shown in Figure (5.3), the required current for minimum noise
figure is around 6.7 mA for each single transistor of the differential pair, leading to a width of
(4*25um). This relatively small width is desired because a small current achieving a high gn
means low power consumption. Also, losses and leakage through the capacitive substrate will be

reduced as well [99].
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Figure (5.3) Simulated minimum noise figure over drain current.

For the LO switching stage, the transistors should be sized to work close to their f; to ensure
complete and fast switching [26]. For that reason, the width is kept the same as for the RF stage
(4*25um). Under these conditions, the f; is larger than 200 GHz, i.e., sufficiently large for the
present design (Figure (5.4)).
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Figure (5.4) Simulated unity current gain frequency (f).
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5.2.2 Transistor sizing for the source follower stage

As mentioned above, the common drain is used as a buffer voltage, i.e., high input impedance
and low output impedance and high output current [78], [100]. So choosing large widths (i.e.,
large gm) will lead to low output; the widths of the source follower stages transistors were then
assigned to (6*100) um, large enough to minimize the loss at the output and to work as voltage
buffer.

5.2.3 Transistor sizing for the current mirror

To ensure a current of 6.7 mA in the differential pair, the current passing through the current
mirror transistor should be around 13.4 mA. So the width of the current mirror transistor was

chosen as (4*40) um.

5.3 DC Analysis

After sizing the transistor, the following step is to adequately bias these transistors. As
mentioned above, the two transistors of the differential pair should be biased in the saturation
region to work as amplifiers. Figure (5.5) shows that the threshold voltage for this transistor is
around -0.7V; thus, a Vs voltage of -0.3V, Figure (5.6) shows that the current is, as expected,
about 6.7 mA.

The LO switching transistor pair should be biased according to Figure (5.7), with Vgs = -0.45V,
Vps = 0.7V and a current Ip of about 2mA, i.e., enough to keep the transistor working beside the
pinch off region for better switching efficiency while providing enough voltage headroom at the

output without clipping at higher input signals.

Two resistors of 10 Q have been included in the current mirror configuration (Figure (5.8)) for
thermal stability and to provide the desired bias point as in Figure (5.9), i.e., a current of about
15mA, which leads to a drain resistor of 172 Q and a current bleeding resistor of 500 Q.
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Figure (5.6) Differential pair bias point.
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The last block to bias was the output buffer. The values of the two resistors at the source of these

transistors were tuned for best output gain, leading to the bias point shown in Figure (5.10).
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Figure (5.8) Depletion mode current mirror.
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Figure (5.10) Common drain (buffer stage) transistor bias point.

5.4 Mixer Schematic

Once the above steps were completed, a schematic was created for the proposed mixer (Figure
(5.11)), including the three couplers designed in Chapter 4. Then, input/output matching
networks were added to the mixer to match its input impedance (247 + j 72) Q and output

impedance of (131 —j 71.8) Q to 50 Q (Figure (5.12)).
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Figure (5.12) Final configuration: Mixer with couplers and input/output matching networks.

After fixing the DC bias points and adding the couplers and the required matching networks, the
LO drive level power should be carefully chosen. With an RF power of -26 dBm (obtained from
link budget calculations), a sweep of the LO drive power for both noise and conversion gain
demonstrated that a value of 0 dBm is the optimal value for the LO power, implying a double
sideband noise figure of about 3.5 dB (Figure (5.13)) and a gain greater than 10 dB (Figure
(5.14)), i.e., within the design requirements. Same conclusion can be made for linearity. In fact,

Figure (5.15) shows a linearity of -12.1 dBm, i.e., in agreement with the desired specifications.
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Figures (5.16) and (5.17) show that this LO power level gives an optimum respective noise
figure and gain over the operating bandwidth. Further simulations demonstrated that the
designed mixer exhibits high isolation between ports (e.g., -72dB between the LO-RF ports, as
shown in Figure (5.18)). Note that the mixer input/output spectrums (Figure (5.19)) and

input/output return losses (Figure (5.20)) further confirmed the efficiency of the proposed design.
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Figure (5.13) Simulated SSB noise figure versus LO power.
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Figure (5.15) Simulated linearity versus RF power.
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Figure (5.19) Simulated return losses: (a) at the input, (b) at the output.
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Figure (5.20) simulated mixer spectrum: (a) at the input, (b) at the output.

5.5 Co-Simulation

The Gilbert cell layout was then generated (Figure (5.21)). The crosses between the lines were
put as small as possible to reduce parasitics and the leakage between lines. Thus, a width of

20*20 pum was retained for the crosses as well as for the tees.

The matching networks were then recalculated using the new values of the input impedance

(80.9 - j 136) Q and output impedance (66.3 — j 102) Q.
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Then, the LO power was swept to get its optimal value. Figures (5.22) and (5.23) shows the
simulated noise figure and conversion gain over the LO power, respectively. From these figures,
we can see that a LO power of -2 dBm allows getting a single sideband noise figure of around 7
dB (i.e., a double sideband noise figure of around 4 dB) and a conversion gain of 8.8 dB thus,
largely agreeing with the link budget values. We therefore, fixed the LO power to -2 dBm for the

rest of the simulations.

Note that the schematic value (0 dBm) gives quite close values as well. Figure (5.24) shows a
simulated conversion gain of 8.7 dB and a 1 dB compression point of -13.5 dBm, i.e., within the
link budget specifications. By sweeping the input frequency, Figure (5.25) and (5.26) show a

respective minimum SSB noise figure of 7 dB and gain of 8.8 dB at the center frequency.

The simulated isolation between the three ports reported good values (Figure (5.27). The
simulated input /output power spectrum shown in Figures (5.28), respectively, are also within the
desired specifications. Similar conclusions can be made for the simulated input/output return loss

shown in Figure (5.29), respectively.
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Figure (5.21) 24 GHz Gilbert Cell Mixer Layout.
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Single Sideband Noise Figure vs. LO Power

Figure (5.22) Simulated noise figure versus LO Power.
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Figure (5.23) Simulated gain versus LO power.
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5.6 Discussion

After presenting the schematic and the layout results separately, this section combines these

two results, highlighting the good agreement between them.

In fact, Figure (5.30), displaying the noise figure curves over the LO power, enhances that
despite the fact that the LO power is different, the minimum noise figure difference between the
schematic (with LO power set to 0 dB) and the layout (with LO power set to -2dB) is moderate.

Same for the conversion gain as shown in Figure (5.31).

By sweeping the RF frequency as well as the RF power, similar acceptable differences can be

found between the two designs (Figures (5.32) - (5.33) and (5.34), respectively).
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Figure (5.30) noise figure curves for both schematic and layout over LO power.
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Figure (5.34) Conversion gain curves for both schematic and layout over RF power.

The port isolation curves are also within an acceptable tolerance range between schematic and

layout (Figures (5.35)-(5.37) over RF frequency, and Figures (5.38) over LO power).
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All above results are summarized in Table (5.2) for more clarity. Even if the differences between
schematic and layout look relatively significant for some of them, the obtained results still
largely meet with the design specifications. This is largely due to the fact that some ideal
components have been used in the schematic. Finally, Table (5.3) shows the comparison of the
performances between our designed Gilbert cell mixer with another published works, the results

confirm that this deign shows low noise figure value comparing with others designs .

Table (5.2) Layout, schematic and design specifications comparisons.

Parameter Specs Schematic Co-simulation
Conversion Gain (dB) >8.3 10.71 8.77
SSB Noise Figure (dB) <10.5 6.58 6.9

P1-dB (dBm) >-18 -12.1 -13.55

RF-IF Isolation (dB) >20 72 36
LO-RF Isolation (dB) >20 72 39
LO-IF Isolation (dB) >20 72 48
LO power (dBm) N/A 0 -2

S11(dB) <-10 -24.6 -28.2

S» (dB) <-10 -354 -44.2

Pdc (mW) Low 46.9 46.9
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Table (5.3) Performance comparison with published works.

Mixer RE ] Conve | Noise | p 145 | pro | RFIF | LOAF
Process tvoe freq. Gain Figure (dBm) | (dBm) isolation | isolation
yp (GHz) | (dB) (dB) (dB) (dB).
. A5 .
sm.ﬂ.w: PHEMT omwo_n 24 8.7 %m.wv 1355 | -2 36 48
GaAs
™M) O“_.mntg Gilbert
[101] CMOS el 24 13 17.5 NA NA NA NA
0.18-um Folded
™) u
[102] CMOS Gilbert Cell | 2 2 NA 10 0 NA NA
- 0.13- um Passive
[103] CMOS Double-Bal. 24 3.2 13 -12.7 NA NA NA
SHM.
0.18-um Gilbert
™) [ - -
[104] CMOS el 24 9.21 13.5 11 2 NA NA
M) 0.18-um Gilbert ) )
[105] CMOS cell 24 8.3 14.6 8.4 2 NA NA
0.18- Pseudo-
[106] ™ | um SiGe 4 24 4.8 13.2 -32 -6.5 NA NA
stacked

BiCMOS
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5.7 Conclusion

In this chapter, a 24 GHz 0.15um PHEMT GaAs Gilbert cell down converter for radar
applications was designed. The design process started by sizing and biasing the different
transistors. Then a schematic was issued, followed by the circuit layout, both showing output
parameters within the specified range.

The next and last chapter will summarize the entire work and discuses about expected future

enhancements for this work.

79



Chapter 6

Conclusions and Future Works

6.1 Conclusions

In this thesis, a 24 GHz mixer for Intelligent Transportation System (ITS) radar receiver was
designed. ITS have attracted a lot of attention because of their importance in increasing safety

and reducing road accidents.

The super-heterodyne receiver type with two mixers has been adopted. The first mixer, the
purpose of the present work, converts the 24 GHz to 5.2 GHz because of its compatible with
WLAN applications that cover emergency or police services, two of the front-line services

involved in road accidents.

The retained mixer configuration is the Gilbert cell type because, along with high gain, high
linearity, and high port isolation, it can exhibit high sensitivity, a key point in ITS receivers.
Indeed, with a conversion gain of 8.7 dB, a (SSB) noise figure of 6.9 dB, a linearity of -13.5
dBm as well as an isolation better than 30 dB, this 0.15um pHEMT GaAs mixer largely meets
the required specifications obtained through a complete receiver link budget.

Three microstrip couplers were also designed to transform the single input/output signals to
differential signals.

6.2 Future works

In this thesis, the first mixer of a modified 24 GHz radar receiver has been designed, largely

meeting the required specification values obtained from the link budget.

However some improvements and future works can be done for this mixer and/or for the whole

the radar receiver for better performance. Some of these recommendations are as follows:
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e Some improvements could be done in the final layout like adding frame and pads, and this
layout could be manufactured, after that the manufactured mixer could be measured to
compare these measured results with layout results and thus demonstrate the proposed

design.

e Resistive load is easy to design but at high frequencies, when the parasitic capacitance
comes into account making an AC path to ground, it may reduce the mixer gain and
increase the noise figure. Therefore, using an inductive load could be more suitable to
boost the output power. This is illustrated in Figure (6.1), where an inductor could be
connected between the two drains of the differential pair to resonate with capacitance Cp.
(to resonate with Co, an inductor could be put to replace Ro).

\LEIZE)
£ %
£ O\

[ Lo cod |

oy b b e
V_RF_“: T

Figure (6.1) Parasitic positions in single balanced mixer [107].

N)

e To reduce the losses introduced by the three used passive couplers, one can use active
couplers to give some gain instead of loss, Moreover, such couplers will use much less

chip area than passive couplers.
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e The GaAs pHEMT has low noise performance, but at the same time consumes higher
power than CMOS technology. Therefore, some techniques like current reuse could be
used to reduce the power consumption.

e The bandwidth for this mixer is narrow and it is fine for this application. However, to
expand the bandwidth for large bandwidth applications, the matching networks and
couplers could be redesigned for this purpose; another reported way to expand the
bandwidth is to put an inductor between the transconductance and the switching stage
[108].

e This design could be expanded to include the whole radar receiver parts like the amplifiers,
the second mixer, the filters, etc., based on the values obtained from the receiver link
budget.
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Appendix A

Link Budget Calculations

In this appendix, we summarized the link budget of the ITS receiver (Figure (A.1)). In the

following equations were used to help in calculating the link budget specification values [109].

NF = - Loss (for passive elements). (A1)
OIP1 = IIP1 + Gain. (A.2)
OIP3 = 1IP3 + Gain. (A.3)
Output gain_in Chain = input gain_in chain + element (gain/loss). (A.4)
OIP3 = 1IP1 + 10. (A5)

and the following Friis cascade formula:

F -1 F -1 F -1
FoFt2— B (A6)
G1 61(72 (71 Gz o '(Tn—L
B¢ - >
BPF1 DA_RAtten1 _ DA_RAtten2 BPF2
AMP1 & Vv AMP2 AMP3
MIX1 MIX2

Figure (A.1).Receiver schematic.
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1) RxBPF Specifications

e Loss=-2.5dB, from [2].

e Noise = 2.5 dB, from equation (A.1).

e S;; =-55dB, from [2].

e Sy =-55dB, from [2].

e QOut P1dB (dBm) = 100 dBm, (assumed to be ideal).

e QOut TOI (dBm) =100 dBm, (assumed to be ideal).

e out_gain (dB) in chain = -2.5 dB, from equation (A.4).

e In_NF(dB) in Chain =5 dB, from (2.5dB + 2.5 dB).

e In_P1dB (dBm) in Chain = -49 dBm, from equation (A.2).
e In_TOI (dBm) in Chain = -32.1 dBm, from equation (A.3).

2) HMC751 Amplifier

As for the first amplifier AMP1, the HMC 751 Amplifier was retained .based on the

manufacturer data, Table (A.1).
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(Table A.1) HMC 751 parameters [110].

Parameter Min. | Typ. | Max. | Min. | Typ. | Max. || Units
Frequency Range 17-20 20-27 GHz
Gain 22 24 23 25 dB
Gain variation over Temperature 0.025 0.028 dB/C
Noise Figure 2.2 2.8 2 2.6 dB
Input Return Loss 17 15 dB
Output return Loss 16 15 dB
Output Power for 1dB Compression (P1dB) 13 13 dBm
Saturated output Power (Psat) 15 15 dBm
Output Third Order Intercept (IP3) 25 25 dBm
Supply Current (1dd)(Vdd=+4) 50 73 90 50 73 90 mA

We have then:

e Gain = 25dB, from Table (A.1).

e Noise Figure = 2.1 dB, from Table (A.1).

e S;;=-15dB, from Table (A.1).
e Sy, =-15dB, from Table (A.1).

e Out _P1dB (dBm) in Chain=13 dBm, from Table (A.1).
e Out_TOI (dBm) in Chain = 25 dBm, from the Table (A.1).
e QOut_gain in chain = 22.3 dB, from equation (A.4).
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e Out_P1dB (dBm) in Chain =12.8 dBm, from [2].

e Out_TOI (dBm) in Chain=25 dBm, from [2].

e IN_NF (dB) in Chain = 6.3 dB, from equation (A.6).

e In_P1dB (dBm) in Chain = -24 dBm, from equation (A.2).
e In_TOI (dBm) in Chain = -7.1 dBm, from equation (A.3).

3) ATN3590

From data sheets for this attenuator, [111] (Figure (A.2)).

e Gain =-3 dB, from Figure (A.2).

e S;;=-100dB, (assumed to be ideal).

e Sy =-100 dB, (assumed to be ideal).

e Out_P1dB (dBm) of Comp. = 100 dBm (assumed to be ideal).
e Out_TOI (dBm) of Comp. = 100 dBm (assumed to be ideal).
e NF (dB) of Comp. = 3 dB, from equation (A.1).

e Out_Gain (dB) in Chain = 19.5 dB, from equation (A.4).

e Out P1dB (dBm) in Chain = 9.7 dBm,from ref (2).

e Out_TOI (dBm) in Chain = 21.6 dBm, from ref (2).

e In_NF(dB) in Chain = 6.31 dB ,from equation (A.6).

e In_P1dB (dBm) in Chain = -27 dBm, from equation (A.2).

e In_TOI (dBm) in Chain = -10.1 dBm, from equation (A.3).
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Figure (A.2) The attenuations values for the 3, 4, 5 dB attenuators [111].

4) First mixer

Gain = 8.3 dB, from [105].

S11 =-10 dB (as low as possible).

S22 =-10 dB (as low as possible).

Out_P1dB (dBm) of Comp. = -18.7 dBm, from equation (A.2).
Out_TOI (dBm) of Comp. = -1.8 dBm, from equation (A.3).
NF (dB) of Comp. = 10.5 dB from reference [104].
Out_Gain (dB) in Chain = 27.8 dB, from equation (A.4).
Out_P1dB (dBm) in Chain = 22.7 dBm, from [2].

Out_TOI (dBm) in Chain = 34.6 dBm, from [2].

In_NF(dB) in Chain = 6.43 dB ,from (A.6).

In_P1dB (dBm) in Chain = -18.7 dBm, from equation (A.2)
In_TOI (dBm) in Chain = -1.8 dBm, from equation (A.3)
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5) Second mixer

Gain = -.4 dB, to keep the output gain for whole the receiver constant.

S11=-10 dB (as low as possible).

S22 =-10 dB (as low as possible).

Out_P1dB (dBm) of Comp. =-19.1 dBm, from equation (A.2).
Out_TOI (dBm) of Comp. = -2.2 dBm, from equation (A.3).
NF (dB) of Comp. = .4 dB, from equation (A.1).

Out_Gain (dB) in Chain = 27.4 dB, from equation (A.4).
Out_P1dB (dBm) in Chain = 17.7 dBm, from [2].

Out_TOI (dBm) in Chain = 29.6 dBm, from [2].

In_NF(dB) in Chain =6.43 dB, from equation (A.6).
In_P1dB (dBm) in Chain = -19.1 dBm, from equation (A.2).
In_TOI (dBm) in Chain = -2.2 dBm ,from equation (A.3).

6) Second amplifier (ADL 5542)

From the data sheet for this Amplifier [112] (Figure (A.3)).

50
45
40\ —
——
——
=135
% = Gain
£ 30 —OIP3 —
o —
S —P1dB ~~—
825 (—=NF _—
o
%
gZO-E:s___
o "\\__\ —-'---..___"___-_--
z 15 ——— ""-—-....________
\-\
10 “““-\\
-
5
P PN N PO U PO PP P NI N I

0.5 1 15 2 25 3 35 4 45 5 5.5
Frequency (GHz)

Figure (A.3) N.F, gain, P1dB, and OIP3 specifications for ADL 5542 [112].
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e Gain =19 dB, from Figure (A.3).

e S;1=-9dB, from [2].

e Sy =-9dB, from [2].

e Out P1dB (dBm) of Comp. =14.7 dBm from Figure (A.3).
e Out _TOI (dBm) of Comp. =36 dBm from Figure (A.3).

e NF (dB) of Comp. = 3.9 dB from Figure (A.3).

e Out_Gain (dB) in Chain = 46.4 dB, from equation (A.2).
e QOut_P1dB (dBm) in Chain = 11.5 dBm, from [2].

e Out _TOI (dBm) in Chain = 22 dBm, from [2].

e In_NF(dB) in Chain = 6.44 dB ,from equation (A.6).

e In_P1dB (dBm) in Chain = -.1 dBm, from equation (A.2).
e In_TOI (dBm) in Chain = 16.8 dBm, from equation (A.3).

7) Second attenuator

From the same data sheet reference [111]

e Gain =-3 dB, from Figure (A.2).

e S;;=-100 dB (assumed to be ideal).

e Sy =-100 dB (assumed to be ideal).

e Out P1dB (dBm) of Comp. = 100 dB (assumed to be ideal).
e Out_TOI (dBm) of Comp. = 100 dB (assumed to be ideal).
e NF (dB) of Comp. = 3 dB, from equation (A.1).

e Out_Gain (dB) in Chain = 43.4 dB, from equation (A.4).

e Out _P1dB (dBm) in Chain = 8 dBm, from [2].

e Out_TOI (dBm) in Chain = 18.4 dBm, from [2].

e In_NF(dB) in Chain =6.58 dB, from equation (A.6).

e In_P1dB (dBm) in Chain = -3.1 dBm, from equation (A.2).
e In_TOI (dBm) in Chain = 13.8 dBm, from equation (A.3).
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8) Third amplifier, ADL 5542

From data sheet [112]

e Gain =19 dB, from Figure (A.2).

e S1;=-9dB, from [2].

e S»p=-9dB, from [2].

e Out P1dB (dBm) of Comp. = 14.7 dBm, from Figure (A.3) data sheet.
e Out_TOI (dBm) of Comp. = 36 dBm, from Figure (A.3) data sheet.
e NF (dB) of Comp. = 3.9 dB from Figure (A.3) data sheet.

e Out_Gain (dB) in Chain = 62.4 dB, from equation (A.4) data sheet.
e Out_P1dB (dBm) in Chain = 14.9 dBm, from [2].

e Out _TOI (dBm) in Chain = 33.9 dBm, from [2].

e In_NF(dB) in Chain = 6.96 dB, from equation (A.6).

e In_P1dB (dBm) in Chain = 100 dBm, (assumed to be Ideal).

e In_TOI (dBm) in Chain = 100 dBm (assumed to be ideal).

9) BPF (BFCN-2900+)
From BFCN-data sheet [113] (Figure (A.4)).

e Gain =-2.5dB, from Figure (A.4).

e S;3=-345dB, from [2].

e Sy =-345dB, from [2].

e Out P1dB (dBm) of Comp. = 100 dB (assumed to be ideal).
e Out_TOI (dBm) of Comp. = 100 dB (assumed to be ideal).
e NF (dB) of Comp. = 2.5 dB, from equation (A.1).

e Out_Gain (dB) in Chain = 59.9 dB, from equation (A.4).

e Out P1dB (dBm) in Chain =12.4 dBm.

e Out_TOI (dBm) in Chain = 30.4 dBm.
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Bandpass Filter Electrical Specifications (T,,, .= 25°C)

AMB™
CENTER PASSBAND STOPBANDS (MHz) VSWR (:1)
FREQ. (MHz)
(MHz) (Loss < 3dB) Loss = 20dB Loss 25dB Typ Passband Stopband
Fc F1-F2 F3 F4 F5 F6 Typ. Max. Typ.
2900 2700 - 3100 1850 4200 1800 4800-7000| 23 3.6 20
Typical Frequency Response Functional Schematic

RFIN RF QUT

ATTENUATION (dB)

FS F3F1  F2F4 F6
FREQUENCY (MHz)

Figure (A.4) BFCN-2900+: Electrical specifications [113].
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Appendix B

Substrate Parameters

Substrate Layers Layout Layers

Mame: substrate

Select a substrate layer to edit OR define a new layer:

Substrate Layers Thickness Substrate Layer Name
Free_Space 100 um v Gahs
Air
SiN Permittivity (Er) Permeahility (MUr)
Gals Re, Loss Tangent - ] [Re, Loss Tangent - ]
STELT GND SO0 Real Real
12.9 1
Loss Tangent Loss Tangent
add [ cut Paste 0.001 0

Figure (B.1): GaAs substrate layers.
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"B Create/Modity Substratez THE DR B T W S F Y LA =
|
Substrate Layers Layout Layers

Mame: substrate

Select a substrate layer to edit OR define a new layer:

Substrate Layers Thickness Substrate Layer Name
Free_Space 0.15 um - SiN
Air
SiM Permittivity (Er) Permeability (MUr)
Gahs [R.e, Loss Tangent - ] [R.e, Loss Tangent - ]
I GND JEfTTiTT Real Real
5.9 1
] [ Loss Tangent Loss Tangent
Add Cut Paste 0.001 a

I e O T

Figure (B.2): SiN substrate layers.
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ECreate.’ModifySubstmteﬂ'”. B .. "‘ t A u
Substrate Layers Layout Layers

MName: substrate

Select & substrate layer to edit OR define a new layer:

Substrate Layer Name

Substrate Layers Thickness
Free_Space 2 E Air
P N, ermeabitty (ML)
Galis [R.eal, Imaginary - ] [R.eal, Imaginary - ]
ST GND FEEENT Real Real
1 1
Imaginar Imaginar
Add || cut Paste 0 et 0 oy

o) e

Figure (B.3): Air substrate layers.
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