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Abstract

The Worldwide Interoperability for Microwave Access WiMax, is a wireless
communication technique based on IEEE 802.16 stdadis advantage of sending high-
data rates over long distances, while using asibgke station to cover a large area, has
made this technique a flexible and reliable sotufar public wireless networks. WiMax
has two main types of networkSixed andMobile.

The most popular transceiver used in WiMax appbeet is the “Direct-Conver-
sion Architecture” due to its high level of integom and less component requirements,
which leads to reduced power dissipation.

In Direct Conversion Architecture, the mixer iseylock in the transceiver chain.
Depending on design specifications and constraiifferent types of mixers may be con-
sidered. However, the most appropridtavn convertemixer for WiMax applications is
the Gilbert-cell mixer. This thesis will then exptahe design of downconverterGilbert-
Cell Mixer within the realm of Fixed WiMax techngg. This design was achieved in the
commercial circuit simulator Advanced Design Sys{&DS) using the 0.15mm InGaAs

pHEMT technology process provided by Win Semiconoiu€rop.
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Chapter 1.  Introduction

1.1. Motivation

The ever-higher demand for high speed and data aatevell as more secure com-
munication links makes the WiMax technology an e8aktopic to discover. In addition,
WiMax can cover long distance areas with fewer Iséggons compared to other wireless
technologies, thus involving lower costs in maitece, operation, and management. Wi-
Max technologies theoretically can deliver 70Mbvgmlong distance of 30 miles. There
are two categories of WiMa¥ixed andMobile. Each type has its own advantages and
services. Typically, a fixed WiMax station can coup to 5 miles, thus providing last-
miles access to people living in rural areas tgkbem in touch through telephony/internet
services. On the other side, mobile WiMax systears @over up to 2 miles. They are
mainly devoted to people who use laptops and simanigs to access Internet services as
well as mobile telephony systems such as Voice tR€KoIP). In this work, the Fixed
WiMax was retained because of its larger coveradgey issue in Canada.

In WiMax technologies, the most popular RF trangseused is the “Direct-Con-
version Architecture.” Direct Conversion Architetus dominant over other configura-
tions due to its high level of integration and lessnponent requirements, which leads to
reduced power dissipation.

In a WiMax receiver, the down converter mixer i€ @f the most important ele-
ments to consider. However, due to its design cenityl, few of papers have been pub-

lished in this topic. Depending on the desired genince, various parameter objectives
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should be targeted while designing a mixer, sudhgtsconversion gain, 1dB compression
point (P-1dB), port-to-port isolation, input secemdier intercept point (11IP2) and input
third-order intercept point (IIP3) as well as lowise figure (NF) and voltage supply. In
practice, these parameters cannot be achievedtaimeolusly; improvements in certain as-
pects of the circuit performance lead to a degradanh others. So, based on the design
constraints and standard specifications, differeixier types and topologies can be con-
sidered. The transistor mixer is selected in owigfedue to its advantages of providing
conversion gain and low LO power compared to dimiker. In the transistor mixer, the
most appropriatdown convertemixer for WiMax applications is the Gilbert-cellixer.
The Gilbert-cell mixer has advantages when comp@rether mixers, such as single, dual-
gate, and single balanced mixers due to inherams Bmlation, acceptable gain, moderate
linearity, and cancel the even harmonics distortion

In this thesis, different mechanisms discussecet@lbp the Gilbert cell mixer per-
formance including folded mixer, current reuse mixed current bleeding mixer. Mainly,
the current bleeding or charge-injection technigustilized to improve the Gilbert cell
performance including the conversion gain and nibggere. Using this technique presents
good result compared with other work that publishrethis field. The Gallium Arsenide
(GaAs) semiconductor shows low noise figure, higimdconductanceyf) and highcut-
off frequency f). The transistor is sized based on the low noisadigud low power dis-
sipation. The Gilbert cell mixer exhibits a conversgain of 5.1 dB, an [IP2 of 36 dBm,
an IIP3 of 1 dBm, as well as a noise figure forbsihgle side band and double side band

of 11.4 and 8.4 dB, respectively.
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The design of thdown-convertemixer including schematic, layout and co-simu-
lation was achieved in the commercial circuit siatol from Agilent Technologies, i.e.,
the Advanced Design System (ADS) simulator. Thigendesign is simulated using the

0.15mm InGaAs pHEMT technology process provided\by Semiconductor Crop.

1.2. ThesisContributions
In this thesis, the WiMax technology was invesggband a down-converted Gil-
bert-cell mixer designed and its layout generaiée. simulated results of this Gilbert-cell
mixer show that this device meets the WiMax statisland thus, can be successfully com-
patible with existing designs (even if relativedyf papers have been published in this topic

due to the complexity of the design).

1.3. ThesisOverview

This thesis is divided into five chapters. Afteriatroductory Chapter, Chapter 2
presents an overview of WiMax systems as well #ierdnt receiver architectures and
WiMax requirements. Also, the link budget for a WakIreceiver system is calculated.

In the third chapter, the basic mixing processeascdbed including mixer defini-
tion and characterizations. In addition, differemker topologies are presented and dis-
cussed.

Chapter 4 provides the design, implementationraadlts for the down-converter
Gilbert cell mixer using the 0.15 GaAs HEMT teclowl. The circuit schematic and lay-
out are designed in the Advanced Design System jAd8ulator. In addition, the simu-
lation results for conversion gain, noise figurel dmearity are shown and successfully

compared with other works.
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Chapter 5 summarizes the thesis, clarifies the m@atributions and points to

potential future works.
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Chapter 2. WiMax Overview

2.1. WiMax Principle

In 1998, the Institute of Electrical and Electraniengineers (IEEE) organization
initiated a standard called 802.16 to develop wsglmetropolitan area networas MAN,
for broadband wireless access (BWA). This standaxsl designed to operate on the line-
of-sight at 11-66 GHz for high-speed data wherecoiitbers are prohibited. Later, this
standard was improved to include non-line-of-sightdicensed and unlicensed frequen-
cies from 2 to 11 GHz. The last modifications wiateeled IEEE 802.16-2004 for fixed
wireless and IEEE 802.16-2005 for mobile wirelé&®rldwide Interoperability for Mi-
crowave Access, or WiMax, is a wireless telecommatin technique based on the IEEE
802.16 standard, which provides high data over ldistances. WiMax can theoretically
deliver data up to 70 Mb/s over a coverage aré®dm by using smart antennas such as
Multi Input Multi Output (MIMO) technique. The stdard spectrum of WiMax is allocated
at 2.3 GHz, 2.5 GHz, 3.3 GHz, 3.5 GHz, and 5.8 @elguency bands as depicted in Figure
1 [1][2]. In addition, the channel bandwidth varfesm 1.25 MHz to 20 MHz. In order to
enhance the multipath performance, orthogonal &aqgy division multiplexing (OFDM)
is utilized along with different types of modulai® such as BPSK, QPSK, 16QAM and
64QAM [1][3][4][5].

WiMax users can utilize many services in point-toap and point-to-multipoint
deployments such as Voice Over IP (VOIP), Intefttocol Television (IPTV), video

conferencing, multiplayer interactive gaming, wetvissing and wireless backhaul for Wi-
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Fi hotspots. For fixed wireless WiMax, there aregnadvantages over other wireless sys-

tems like Wi-Fi: WiMax can transfer and handle op7OMb/s for long distances, while

the Wi-Fi system can cover around 100 feet [2]sThain advantage sheds light on other

important aspects: the number of base stationsageiadsuch areas is fewer compared to

other technologies, and the maintenance, operadiot, management can lead to lower

costs. In addition, the high demands for increalstd and speed rates have made the Wi-

Max a significant topic of discussion [4] [5]. Figt2 shows how WiMax works in different

modes [5]. The first mode is line-of-sight backhamhich operates from 11 to 66 GHz,

while the second mode is non-line-of-sight transiois, which operates at lower frequen-

cies (2 to 11 GHz). This mode utilizes point-to-tipdint deployment as depicted in Figure

2.
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HOW WiMAX WORKS
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Figure 2 Different Modes of WiMax [5]

2.2. WiMax Receiver Architecture

The widely accepted definition of an RF transceigewhere the receiver starts
from the antenna to thenalog-to-digital converte(ADC), and an RF transmitter acts in
the opposite way, moving fromdigital-to-analog converte(DAC) to a transmitter an-
tenna. The RF receiver (Rx) and transmitter (Tg)aso defined by the intermediate fre-
quency (IF) and analog baseband (BB) circuitry.réfee many blocks used in RF trans-
ceivers, including frequency filters, amplifiergveh-up converter mixers, modulator/de-
modulators, oscillators, synthesizers, signal oewigivider/combiner/attenuators,
switches, etc. An RF transceiver usually utilizesstof these blocks, but never all of them.
The most popular architectures used in RF tranecgin wireless communication systems

areSuperheterodyne architectuaaddirect conversion architecture.
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2.2.1 Superheterodyne Architecture

This configuration is widely used in wireless conmuations. It uses two stages
for conversion. First, it down-converts the RF silgio an intermediate frequency (IF) sig-
nal by mixing the RF with a local oscillator (LOJhen, it transfers the IF signal to base-
band by mixing the IF signal with another LO ortagle controlled oscillator (VCO). It
has advantages, such as control for receiver gaise figure, better performance, and it
is robust. On the other hand, it has some drawhauiisiding a larger circuit that leads to
more complexity for circuit designers, and high powonsumption. Also, there is an un-
wanted image signal that needs adequate imagengt€SAW) to prevent interferences
before the mixing stage [6] [7].

In Figure 3, the upper part represents the recdilmaks and the bottom section
refers to the transmitter blocks. As shown in flgare, the duplexer and the LO operate
at the same band for Tx and Rx. There are alsdoamal-pass filters that are mainly used
as pre-selection filters, as well as to reducdehking power at the receiver end. Also, on
the transmitter side, the band-pass filter is useslippress the noise of the transmission
band. The main advantage of the duplexer is tmatliices the transceiver current and cost.

The Superheterodyne receiver is divided into tipaes: RF, IF, and BB. The RF
section usually contains the duplexer as bandfsre-selection, a low noise amplifier
(LNA), a RF band-pass filter (BPF), a RF amplifiafhich acts as pre-amplifier for the
mixer, and a RF-to-IF down-converter (mixer). THeA is necessary to obtain better re-
ceiver sensitivity while its gain can control tleeeiver dynamic gain. The BPF is a SAW
filter, which can suppress leakage and other iaterfces. The pre-amplifier injects suffi-

cient gain for the rest of the receiver. Thereftine,noise figure of the mixer and the next

Chapter 2. WiMax Overview 8



stages will have minor effects on the overall reeeinoise and sensitivity. The down-
converter is utilized for frequency translationnfrdRF to IF frequency. The next block
after the mixer is the IF amplifier followed by thEé SAW, used to prevent unwanted
signals and for high channel selection filteringeT/Q demodulator contains the second
frequency down-converter that converts the sigrahflF to BB. The demodulator has
two In-phase/Quadrature (I/Q) mixers. A low-pageefi(LPF) is located after the BB
mixer to prevent unwanted signals and other interfees, and followed by a BB amplifier.
The last block in this architecture is the ADC, efhconverts the amplified analog signal
to a digital one for more processing in digital a®@n the transmitter side, it works almost

in the same manner [6].

(]
Demodulator

| Channel
BB LPF BBA

RF RF Down
RFA  Converter IFA

L.O. Buffer
BB LPF BBA
Q Channel

UHF L.O.

i

Duplexer

I/Q Maodulator

L.O. Buffer

§ RF U
Isolator PA Tx SAW Driver RFVGA 00 R,

Figure 3 Block Diagram of Super-heterodyne Transceivér [6

2.2.2 Direct Conversion Architecture
The direct conversion is the process of conversfahe RF signal directly to the
BB signal with zero intermediate. Therefore, itiso called zero IF architecture. In addi-

tion, this receiver is referred to as homodyne bsedhe LO frequency is equal or close to
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the receiver input signal frequency. The directvesgsion has many aspects that makes it
very appealing. First, the receiver has no IF stgerefore, it can reduce size and cost,
and can save the transceiver power by removindRtpassive filter (SAW filter). Also,
there is no image issue in this configuration. @btve low-pass filter can be used to im-
plement the filtering of channel for the direct-gersion in analog basebaad this type
of active filter can be considered as changealtheisTit is easy to design the receiver
working in multimode band.

As shown in Figure 4, the direct conversion traiviehas usually two stages, the
RF and the BB. The receiver and transmitter hafferdnt oscillators because they are
working in different frequency bands. In order teyent power leakage and other inter-
ferences, a band-pass filter has been includddeimaplexer. The LNA amplifies the in-
come receiver signal selected by the BPF. In diceatversion, the RF filter should be
stronger than the filter in Superheterodyne receaive@rder to overcome the self-mixing
issue and reduce the second order distortion rexeints in the next stage, called the
down-converter mixer stage. The filtered signalvasts the signal to | and Q signals via
a 90 quadrature demodulator. The quadrature mixingaeslthe phase mismatch between
the LO and the incoming signal. Most of the recessgain (around 75%) is obtained by
the baseband stage operating at high gain modeefbne, it has the advantage of saving
power. The gain in the RF stage is classified agepaain, while in the BB stage it is
categorized as voltage gain. The signal amplified Bitered is converted to digital for

further process[6] [8].
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Figure 4 Block diagram of Direct-conversion Transceiver [6

Superheterodynarchitecture has a superior performance compareothers.
Noteworthy, thedirect conversioror homodyneonfiguration has become a preferred ar-
chitecture for wireless systems, because it caticelsnage (assuming perfect quadrature)
and eliminates some blocks (like filters) that Iéadavings in size, cost, and power dissi-
pation [6]. —Table 1 shows the comparison of hetene vs. direct conversion architec-
tures in terms of most important parameters toidensluring design.

Compared to other configurations, direct-conversemeiver architecture is indeed
widely used in WiMax [1][3][9][10][11]. This has dainated other configurations mainly
because of its high level of integration.

However, it has still challenges to overcome. FIXE offset and noise flicker oc-
cur as a result of converting directly to DC. Alwe LO, RF, and LNA ports are not well

isolated, thus possibly causing leakage at thesp6}{9] .
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Nevertheless, the advantages outweigh the disaalyasit making direct conver-

sion easier to handle when trying to meet techrspatifications.

Tablel Design Parameters to Consider for Different Recefrehitectures.

Description Heter odyne configuration Direct Conversion configuration
Linearity IP3 IP3, 1IP2
Noisefigure SSB DSB
Power dissipation High Low
I mage Need Filter NO Image
Complexity More Less
Leve of integration | Low High
DC offset No DC offset Need to care the DC offset
Size & cost Large & expensive Small & inexpensive

2.3. WiMax Requirementsand Link Budget

Receiver requirements are defined and set up biEBE 802.16 standard and the
Wireless Metropolitan Area Network (Wireless MAN$tandard [1][13][14][15]. These
standards specify the frequency operation, theraldrandwidth, the type of modulation,
the signal-to noise ratio (SNR, Table 2), the reeenoise figure, and other technical pa-
rameters). As reported in Table 3 for the 64-QAMluiation, different operating frequen-
cies and channel bandwidth are allocated for WiMiaxhis work, the 3.5 GHz frequency

band and the 7 MHz channel bandwidth have beentsdl®ased on the data provided by
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the IEEE 802.16-2004 standard [1][3][9][11][13].rFmore generality, the receiver and

transmitter antennas are different (different gain)

Table2 WiMax Receiver SNR [14]

Modulation | Coderating | Receiver SNR [dB]
BPSK 1/2 6.4
QPSK 1/2 9.4
3/4 11.2
16-QAM 1/2 16.4
3/4 18.2
64-QAM 2/3 22.7
3/4 24.4

Table3 WiMax Specifications for the 64-QAM Modulation

[tem Value
Operation Frequency 2-6 GHz
Channel Bandwidth (BW) 6,7,12, 14 MHz
Modulation 64-QAM

Signal to Noise Ratio (SNR) 24.4 dB

Max. Distance between Rx and Tx 3.5km

Transmitter maximum Power (Pryx) | 29.5 dBm

Transmitter antenna Gain (Gry) 0 dBi
Receiver antenna Gain (Ggy) 11 dBi
Receiver maximum input -30dB
Receiver maximum Noisefigure 5dB
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2.3.1 Recever Link Budget Calculation:

Studying and calculating the link budget for theeiger is crucial to understand
and measure its performance requirements. In addlitiis also crucial in determining the
capability of each block in the front-end receiv&s. discussed, the most common front-

end receiver used in WiMax is the direct-conversiorhitecture (Figure 5) [1].

Analog RF Analog BB Digital BB

x
2 the

ADC >

R

% ADC >
NS
Figure 5 WiMax Direct-conversion Architecture [1]

In this section, the receiver specifications atewdated for the major blocks in the

direct-conversion architecture.

2.3.2 Recaver Sengitivity:

The sensitivity of the receiver is a very importparameter that determines the
minimum desired signal strength (MDS), or the wehlsggnal to get the bit error rate
needed for the receiver. It is measured by thd tatise figure of the receivenf). The

receiver sensitivity can be expressed as [16].

Sensitivity = Rss = NF+ SNR+nt (2.1)
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and
Rss =5+24.4+ KTB
where
nt = KTB = —174 + 10 log(BW)

Rss =5+ 24.4+ (—174) + 10log(BW) = —76.1 dBm

In the above equations, NF is the noise figuretcsdtdB [6][13][16][17]. The main
parameters that characterize a direct conversu®iver are the gain, noise figure, linearity
and P1-dB compression point. Because the WiMaxwecarchitecture can include sev-
eral stages (Duplexer, LNA, Mixer, filter ..., Figus, the above parameters need to be
specified for each of these blocks based on the &Xikéceiver requirements. First, the
WiMax duplexer, taken from Network Internationalr@oration (NIC), exhibits a 1.5 dB
max insertion loss [18]. Then, according to the \@i\kpecifications, the gain and noise
figure of the low noise amplifier were selectedldsdB and 2 dB at 3.5 GHz, respec-
tively [19][20]. Therefore, the parameters relatedinearity and noise figure can be de-

duced through the following steps.

2.3.3 Low Noise Amplifier and Mixer Specifications

A- LNA:
To obtain the linearity and maximum power signauieements for the LNA, a

maximum power signal has to be set. Therefore caapable interference distamtéor
mesh architecture in WiMax standard has to bedt&ased on the IEEE 802.16 standard

for fixed broadband wireless access operatirfigee8.5 GHz [13],d = 100m.
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Thus, the corresponding free space path loss (FBLS)

2
FSPL=10logy (“=L) =83.3dB  (22)

with ¢ the light speed (3x£m/s). Therefore, the maximum received power betviaen
antennas that spread over a distahaad operating at a specific frequeri@an be calcu-

lated using the Friis transmission equation [21]][## receiver being considered as a cas-

caded system (Figure 6).

Pi = PTX + GRX — FSPL + GTX + GDublexer (2'3)

=29.5+11-83.3+0—-1.5=—-44.3dBm

Stage 1 Stage 2 Stage 3
Gain = :\Vl Gain = :\V: Gain = :\V;
— P NF..IIP3; [P NF,.IIP3, [ ®| NF;. IIP3; >
Figure 6 Receiver System with Three Cascade Stages [17]

The LNA linearity parameters, i.e., the third ordeput/output intercept points
(I1P; and OIP;) as well as the gain compression poit (¢B) can be obtained through
the following equations [6][16]. These parameteessaimmarized in Table 4.

3xPi—IMD3

IIP3 ng = 2

(2.4)

_ 3x(—44.3)—(-76.1-29.4)
B 2

= —13.7dBm
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then,

01P3 LNA — IIP3 LNA + LNA Gain (25)

PldBLNA = OIP3 LNA — 10dB = —9.7 dBm for onetone (26)

PldBLNA = OIP3 LNA — 15dB = —14.7dBm for two tones

Table4 LNA Specifications

Description Value
Gain 14dB

NF 2dB

IP3 -13.7 dBm
OPI3 0.2dBm
P1 dB (one tone -9.7dBm
P1 dB (two tones -14.7dBm

B- BB Mixer:
First of all, the mixer input has to be set up. /Elfiere, due to the duplexer loss and

LNA gain, the mixer input is going to be betweef {8 -15dBm. In addition, by consid-
ering cascade blocks, mixer parameters can bendiegst [6][16]. In the Direct Conver-
sion Configuration (DRC), the spectrum is centasiede to zeroDC components gener-
ated by second order will directly impact the systgerformance of direct conversion re-

ceivers[6]. Therefore, the second order (IP2) rbestarefully investigated during design.
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In our application, the gain and the noise figuréthe BB mixer was set up to 5 dB
and 11 dB, respectively [23][24]. Hence, the IIEBP3, P1-dB, 1IP2 and OIP2 can be

obtained as

HIP;3 yiver = OIP3 na = +0.3 dBm
OIP; yiver = HP3 yizer + GaiNpgiyer = 0.3+ 5= +5.3dBm
P1dByixer = OIP3 yixer —10dB = —4.7 dBm for one tone
P1dByixer = OIP3 yixer —15dB = —9.7 dBm for two tone
1IP, = 2 x Pi— IMD,
=2 %x(-30.3) — (—63.6 — 29.5) = 32.4 dBm

OIP, = IIP, + Gain = 33.4 + 5 = 38.4 dBm

The total noise for the system is 5 dB [13]. Basedhe Friis transmission equa-

tion [26] given forn stages as

F2_1+F3_1+ vee _Fnml
Gi = G416y G1Gy...Gp1q

with
Fr= overall system noise factor

Fk= noise factor of th&" stage

Gk= power gain of thé&!" stage
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We have

NFnginput = NFgyseem — Duplexer instersion loss (2.9)

NFLNAinput= 5_15=35dB

Knowing that the noise factéris related to the noise figuNF as [16]
NF = 10log(F) dB (2.10)
F=10""0 (2.11)
the noise factoF,..s; at the mixer input can be expressed as

Finputina = 109135 =223 and Fiya = 10912 = 1,58

FGLNA = 100'1*14 =25.1

Frest — 1

Finputina = Fina + F
G LNA

Frest = (Finputina — Fina) * Feiva +1=17.3

Hence, by converting,.; to dB, the equivalent noise figure at the mixgrunis
equal to

NF, ., = 10log (17.3) = 12.4 dB

For clarity, the main parameters for the BB mixer @eported in Table 5.

Chapter 2. WiMax Overview 19



Table5 Mixer Specifications

Parameters Value
RF Frequency 3.493 - 3.507 GHE
LO Frequency 3.5 GHz
IF Frequency 7 MHz
Minimum Gain dB 5dB
Maximum Noise Figure 11dB
Minimum IIP3 0.3dBm
Minimum OPI3 5.3dBm
Minimum P1_dB (one tone) -4.7 dBm
Minimum P1_dB (two tone) -9.7 dBm
Minimum IIP2 32.4 dBm
Minimum OIP2 38.4 dBm

24. Conclusion
In RF transceivers, a variety of architectures loantilized. Each of them has its
own advantages/disadvantages depending on theefieguange and application. In Wi-
Max, the direct-conversion shows better performana other configurations, including
a high level of integration and the use of lesgkdahat result in lower cost and less power
dissipation. Based on that, a link budget was tailed to deduce the desired specifications

for the down-converter mixer to be designed (T&)le
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Table6 Receiver System: Specifications

Description Antenna Duplexer LNA Mixer
Gain (dB) 11 dBl -1.E 14dB 5dB

NF (dB) N/A -1.E 2 dB 11 dB
11P3 (dBm) N/A N/A -13.7 dBm 0.3 dBm
OPI3 (dBm) N/A N/A 0.3dBm 5.3 dBm
P1 dB (onetone) (dBm) N/A N/A -9.7dBm -4.7 dBm
P1 dB (twotones) (dBm) | N/A N/A -14.7dBm -9.7 dBm
I1P2 (dBm) N/A N/A N/A 32.4 dBm
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Chapter 3. Basicsof Mixers

3.1. Mixer Principle

Mixers are essential building blocks for RF comneation systems. These three
port devices use nonlinear components to conveigral to a higher or lower frequency

by combining the input RF frequency with a locatithator (LO) frequency as

ARr.A
(Aprcoswgrt). (Apcoswypt) = =2

[cos(wgrr — W) t + cos(wgr + W) t] (3.1)
Note that in the above equatieng: — w;, can be positive or negative, depending
on the values of the respective RF and LO freq@snéis seen in the above equation, there
are two types of mixers, up and down dependinghenvielue of the output frequency,
usually called intermediate frequency (IF). Whea ¥ frequency is lower than the output
frequency, it is called up-converter and the conembtwyr — w, ) is filtered out. How-
ever, when the RF frequency is larger than theuwsdtpquency, it is called down-converter
and the componerfwgr + w;o) is filtered out [25][26][27]. Figure 7 illustrateke con-
cept of mixer operation for up and down converteis + f, and fzr — fio, respec-

tively [26].
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Figure 7 Basic Operation of Mixing [26]

After the mixing occurs, the output has both upwested and down-converted fre-
quencies. The up-converted deals with the tranemiithile the down-converted relates to

the receiver side. In general, the mixer is spedifn terms of signal as follows:

 Lower sideband, or LSBukr— @w.0)
 Upper sideband, or US@wr + w.0).

« Double sideband, or DS@w&r + @w.0, GkF — @W.0)

There is an issue for the image frequency thattseBom the second harmonic of

the local oscillator as

2wp0 — Wrp = Wro + (WL — Wrp) = W — Wip = Wiy

To prevent these unwanted signals to appear atipait, an image rejection filter

needs to be in the front of the mixer to supprbssdffect [27].
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3.2. Mixer characterizations

Mixer design raises some issues that should bed=nesl in case of mixer perfor-
mance assessment. There are trade-offs to achiawiegain value of parameters. These
parameters vary from application to applicationerBfiore, what follows can be character-

ized as the most significant parameters of mixpesy

3.2.1 Conversion Gain

The mixer conversion ratio is the ratio betweerpatiand input powers [15]

IF power delivered to theload __ Py (3 2)

Power Conversion Gain =

Available power from the source - Pin
. . P
Power Conversion Gain (dB) = 10log P"—“t (3.3
in

Voltage Conversion Gain (dB) = 20 log % (3.4)

For diode mixers, this ratio is less than unityy &nerefore is called conversion
loss. While for a transistor mixer, this quantiycialled conversion gain since it is usually

higher than unity [27].

3.22 Linearity

The linearity of the mixer can be quantified by 18 compression point, the input
third-order intercept point (1IP3) and the input@ed-order intercept point (1IP2). As seen
in Figure 8 [5], when the fundamental power is édqoizhe 3 order intermodulation (IM)

distortion, it is called IIP3.
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Also, when the fundamental power is equal to tHeo&ler intermodulation (IM)
distortion, it is called 1IP2. In addition, wheretfundamental gain starts to differ from the

original or ideal signal by 1dB, this phenomenocalied 1dB compression point [17] [25].

HBKOS11-0%0 Second-Order _
Intercept Polint Ta »
+40
4
Third-Order __ R
— +30 |— Intercept PoInt 4 - Il
g ,./ IQ
= N s
L +20 — I, l, I,:'
5 Gain L) |2
. =1 L
= Compression S _S1 4O
D +10 Z s )03
o 1,/
S OI, S
= k=¥ VA=
O 0
a
=
§=2
8 -10
-20 l I I |
—-40 —-30 —-20 —10 0 +10
Input Power Per Tone (dBm)
Figure 8 [IP2, 1IP3 and P1-dB Compression Points [28]

3.2.3 NoiseFigure

Noise factorF is defined as the ratio of signal to noise (SNRha input port to
the SNR at the output port, while the noise fighifeis defined as the noise factor in dB,

as expressed below

_ (SNRpy)

"~ (SNRout) (35)

(SNRour)

NF =10 Log SR (3.6)
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There are two categories of noise figures thatosaapplied to mixers: single side
band (SSB) and double side band (DSB). When thet isignal exists in one sideband of
the input, the SSB noise figure is considered sessthe mixer performance. On the other
hand, when the input signal exists in both sidebatite input signal and the image, the
DSB noise figure is considered to measure the npgeiormance.

Indeed, SSB is utilized for heterodyne architectuteereas DSB is used in direct

conversion configuration [17][29].

3.2.4 |solation

Mixer isolation is a very essential parameter toe bverall transceiver perfor-
mance. A good isolation between LO, RF, and IFgisrtrucial because any leakage from

any port will degrade the overall transceiver perfance [5].

3.3. Mixer configuration

In this section, the diversity of mixer topologisgdescribed and divided into sub-

sections; diode mixer and transistor mixer.

3.3.1 DiodeMixer

In the past, mixers were mainly diode mixers (F&g8). The most popular diode
used as a mixing device is the Schottky-barriedeidiode mixers have their own ad-
vantages, including low cost and broadband, thatige reasonable performance in term
of distortion, conversion loss, and LO noise [32][3n the other hand, diode mixers need

high LO drive level, which is a disadvantage [30]fact, diode mixers are not used in
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receivers due to conversion loss that lead to asae¢he noise figure as illustrated in equa-
tion 2.8. There are three main configurations otldimixers based on the number of diodes

and their characteristics as described in TabR&8Y [

v" Single ended mixer (one diode).
v' Single balanced mixer (two diodes).

v" Double balanced mixer (four diodes).

Note that a double balanced configuration (alstedatiple balanced) exists but it

is much less used due to the large number of dibdeguires (8 diodes).

LO+IN ouT

. LO+IN OUT filt O
filter and match and mlat§;1
E— —_—
O O
Figure 9 The General Structure of Diode Mixer [31]
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Table7 Summary for Diode Mixer

Configuration Advantages Disadvantages
Single Diode * Low LO power level compared ¢ Poor linearity
to balanced mixers
Single Balanced | « Provide either LO or RF Reje¢-+ Require a high LO drive
tion (20-30 dB) at the IF output| level
» Suppression of Amplitude Mog
ulated (AM) LO noise.
* Better linearity of single diode.
Double Balanced | « Both LO and RF are balanceds Require two baluns
providing both good LO and RF+ Relatively high noiseg
rejection at the IF output figure, about the same
» All ports of the mixer are inhef- as conversion loss
ently isolated from each other | « Diodes need to be wd|l
* Increased linearity compared to “matched”
single balanced

17

Double Doublel « Increased linearity compared ftoe Increased complexity

Balanced (or triple  double balanced and cost (3 baluns arjd

balanced) 8 “matched” diodes arp
required)

* Higher level of LO
drive must be provided.

3.3.2 Transistor Mixer

Transistor, such as MESFETs, HEMTs, HBTSs, or Bpfgyide mixing gainAlt-
hough diode mixers have their own advantages, igtansnixers are superior in different
aspects and specific applications, such as foregsesystems. For instance, compared to

diodes, transistors mixers can work with less L@goconsumption.
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Also, transistor mixers can provide conversion gastead of conversion loss [35].
Single FET mixers can achieve gain but their isotais poor. Dual-gate mixers have in-
herent isolation between LO and RF ports becawssignal is applied to different gates.
Balanced FET mixers exhibit good RF-LO isolatiod &® noise rejection and are a good
solution to prevent spurious responses.

Diode mixers designers try to reduce conversios. |G®nsequently, the noise can
be reduced accordingly. On the contrary, FET mixarseasily achieve high gain but this
could affect other parameters such as linearityraoige figure. In fact, transistor mixers
are usually designed to achieve low noise figurih wioderate conversion gain [32]. In

the following section, different configurationstadinsistor mixers will be discussed.

3.4. Different Topologiesof Transistor Mixers

341 SingleFET Mixer

There are different types of single FET mixers aelreg on where the LO signal
is fed:

* Gate Mixer:

In FET-gate mixers, the main nonlinear elementésttansconductance.

The input signal is connected to the gate FET wathistant voltage drain, while the
output signal is applied to the drain. As showfigure 10, the intrinsic isolation between
the LO port and the IN (input) port is weak whitetOUT port is isolated from IN and LO

port (due to little reverse gain of the transis{8d)].
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O and match
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O
and match
LO i
S LO filter
and match
.

Figure 10 FET-Gate Mixer Configuration [31]

* Drain Mixer:

In FET-drain mixers, the input signal is appliedtst FET gate while the output
signal is connected to the drain terminal. Thedistor nonlinear parameters that are mod-
ulated by the signal are the transconductanceteddnductance with constant gate volt-
age (Figure 11).

The problem of the drain mixer is similar to theegmixer: the isolation between
the ports is an important issue to consider. ToRi®n between LO and OUT ports are
very weak; however, the IN portis isolated fromDd&hd LO ports, due to the little reverse

gain of the FET [31]
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LO
LO filter 0
and match
OUT filter OU:T)
and match
IN -
C IN filter
o and match
—
C O
Figure 11 FET-Drain Mixer Configuration [31]

* Source Mixer:

In a source mixer, the main nonlinear parameterdutated by the LO signal are
the transconductance and the output conductaneedfBEiin and gate voltage are constant

(Figure 12). The source mixer has the same isolésgue as the gate and drain mixers.

OUT filter ry

and match

IN filter
and match

LO filter
and match

LO O

Figure 12 FET-source Mixer Configuration [31]

* Resistive Mixer:

In resistive mixers, the main nonlinear parametg¢he channel conductance. The

voltage bias at the drain is zero.
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Therefore, it is called resistive mixer, which Iead no gain provided. As seen
in Figure 13, the output signal is at the drainilevthe input signal is taken from the drain

and the LO signal applied at the gate.

IN filter
and match

OUT filter
and match

LO filter
and match

Figure 13 Channel Mixer ( Resistive Mixer) Configuration [31]

The isolation between the LO and both IN and OUiftgis quite good. However,
the channel mixers do not provide gain becauseetéro bias at the drain. In addition,
the resistive mixer has poor isolation betweenthand OUT ports [31].

As stated in32], “the advantages of resistive mixer are low digtar low 1/f
noise, and no shot noise conversion loss of such mixers is comparabltidde mixers,

around 6 dB.” Therefore, the resistive mixer maybiable for low-intermodulation applica-

tions.

3.4.2 Dual-gate Mixer

The main advantage of dual-gate mixers over siggte mixers is the good isola-
tion between the LO and RF ports, due to the lote gapacitance. Therefore, the dual-

gate FET mixer is a better choice in applicatiolmer balanced mixers cannot be used.
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In addition, it is preferable to use dual-gate desiin integrated circuits, in case
where filters or similar devices cannot be usedammot provide good isolation.

However, even if dual-gate mixers provide gain gadd isolation, their noise fig-
ure is worse than single FET mixers. Also, theg issstill limited due to the complexity
of modeling/characterizing the active device. Asvgh in Figure 14, the dual-gate mixer
contains two single-gate transistors, FET1 and FHT2 input signal is connected to the
gate of FET1, while the LO signal is connected ik gate of FET2.

As stated in [32] “A dual-gate mixer is a transdoctance mixer. Therefore, the
mixing should occur by variation of the transcortduce betweeNys andlq. The trans-
conductance variation must come from varying ttendvoltage of FET1".

In order to get mixing in dual-gate mixer, the FESFibuld operate in linear region,
while the FET2 must operate in saturation modeeéwald mixing is occurring in FET1 with
low gm andRgsvarying in time [32].

FET 1 FET 2

61 "
ZS Rr‘w) A 'v’d D
S1
+ -
Vgs: I G2 I +

\'5“) 1 J—-I}_/W \/gb? -
H fl 1

5 olw)

Violh

Figure 14 Circuit of the Dual-Gate FET Mixer [32]
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3.4.3 Balanced Mixers

A. Single Balanced Mixer

The important advantages of single balanced tremsisixers are, as in [32], “LO
isolation, spurious-response rejection and LO noggection.” A single balanced mixer
consists of a set of two transistors combined thind®® or 180 3-dB baluns. The use of
such hybrids at the LO and IF ports, implies athetdy complex topology.

As shown in Figure 15.a, the mixer needs a baluheat.O port to apply the LO
signal to the two FETs working as switches. A thmahsistor is used to amplify the RF
signal. The advantage of this figure is that no\dliage is applied to the RF FET drain
because the point “A” is virtually grounded. In &ig 15.b, a second structure for single
balanced mixer is displayed. It is similar to thheydous one although it does not have a
balun at the LO input. This will give a simpler tdpgy but at the cost of a lower conver-
sion gain (the “A” point is no longer virtually graded. Hence, there is an LO voltage
applied to the RF FET drain, causing degradatioiénmixer gain). So this second con-

figuration is exploited only if a balun cannot ksed [32].

»TIF TIF

IF IF
BALUN BALUN
F1 ] [, F2
A LO o—»| A
LO
LO O— BALUN =
RF '; RF O—»l
(a) 1 (b) =
Figure 15 Two single balanced FET mixers: (a) conventional @) configured [32]
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B. Double Balanced Mixer

Even if double balanced FET mixers are similaringle balanced mixers, they are
broadband with good port isolation and rejection.Of AM noise. Also, they prevent all
spurious responses of the even harmonics of LCR&nftequencies. The issues in double
balanced mixers are the power consumption andgbaefibaluns at each port; however,
small active baluns can be used instead of dig&tbelements (e.g., transmission line cou-
plers). Also, using more transistors increase<ittoelit complexity while reducing linear-
ity and symmetry. Figure 16 shows the two stages dbuble balanced FET mixer: the
switch stage (LO) and the amplifier stage (RF). Tpger transistors are considered as
switch stages and should operate in the lineaore@n the other hand, the lower transis-
tors are defined as amplification stages and opénahe saturation region. Using a current
source can provide more balance to the circuit, thet power consumption will in-
crease [32]. A well-known configuration of the deibalanced FET mixer is the Gilbert-
cell mixer [34] that will be discussed more detaisChapter 4. Table 8 compares the

performance of the above mixers [17][35].

TlF

BALUN
1
]
Q I
_‘< 4-‘
LO o— BALL%N J
M
RF o— BARL@N - -

Figure 16 Double Balanced FET Mixer [32]
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Table8 Performance Comparison of Different Types of Mixers

Evaluated Diode Single FET | Single Balanced Gilbert Cell
Parameters Mixer Mixer Mixer Mixer
Gain Low Moderate Moderate High
Linearity High Low Low Low
Noise Figure High Low Low Low
LO-RF feed through High High Moderate Low
Voltage Low Moderate Moderate High
Power consumption Low Low Medium High
LO power High Much Lowe Lower Low

3.5. Discussionsand conclusion

Two active components can be used in mixing: dematk transistor. Diode mixers
have high linearity but with high LO power and cersion loss. On the other hand, the
main advantages of transistor mixers are convergan and low LO power require-
ment [36]. Therefore, the transistor mixer willdedected for WiMax applications.

From the well-known transistor mixer topologies #ingle FET mixer can provide
gain but raises issues with ports isolation. Tlis be addressed in dual-gate FETSs, but
with moderate gain and higher noise figure.

The single balanced mixer exhibits good convergin, LO isolation, and spuri-
ous response rejection. However, it has a probléim RF feed through, while double
balanced mixer provides superior advantages, imojuthherent isolation between the

RF/LO, RF/IF, and LO/IF ports.
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It can provide acceptable gain, moderate lineaaity] cancel the even harmonics
distortion, thus improving the 1IP2, but at the erpe of circuit complexity [23][24][38].
As reported in Table 8, because of the above adgantover other types of mixers,

the Gilbert cell has been chosen for WiMax appiacat
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Chapter 4. Gilbert Cell Mixer: Design, Im-
plementation, and Results

In this chapter, a Gilbert cell mixer design in l&ah Arsenide (GaAs) transistor
technology will be provided in details includingetdesign specifications for WiMax ap-
plication. Thus, differenimprovement techniques for conventional Gilbett-oéxers will
be reviewed. Then, the design simulation procedit®de discussed for current bleeding tech-

nique.The last part in this chapter will focus on the emilayout design and optimization.

4.1. Design Specificationsfor WiMax

The foremost step in designing a down converteemsto determine the receiver
requirements. Since the objective of this thesie tdesign a Gilbert cell mixer for WiMax
application, the system requirements will be basethe IEEE 802.16 standard. Based on
the receiver requirements and link budget for WiMéscussed in section 2.3 and summa-
rized in Table 9, the receiver sensitivity is -#BIn and modulated with 64-QAM. The
RF center frequency is centered around 3.5GHzr Afe=eLNA, the RF signal is converted
through 1/Q down converters to 7 MHz using a lazsdillator (LO) centered at 3.5 GHz.
Then the signal passes through other stages fa process. The mixer specifications are

reported in Table 10.
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Table9 WiMax Requirements

[tem Value
Operating Frequency 2-6 GHz
Channel Bandwidth (BW) 6, 7,12, 14 MHz
Modulation 64-QAM
Signal to Noise Ratio (SNR) 24.4 dB
Maximum distance between Rx and T 3.5 km
Transmitter maximum power 29.5 dBm
Transmitter antenna gain (GTx) 0 dBi
Receiver antenna gain (GRXx) 11 dBi
Receiver maximum input -30 dB
Receiver maximum Noise figure 5dB

Table10 Mixer Specifications

Description Value
RF Frequency 3.493 - 3.507 GHE
LO Frequency 3.5 GHz
IF Frequency 7 MHz
Minimum Gain dB 5dB
Maximum Noise Figure 11dB
Minimum IIP3 0.3 dBm
Minimum OPI3 5.3dBm
Minimum P1dB (one tone)| -4.7 dBm
Minimum P1dB (two tones) -9.7 dBm
Minimum IIP2 32.4 dBm
Minimum OIP2 38.4 dBm

Chapter 4. Gilbert Cell Mixer: Design, Implementatj and Results

39



4.2. Semiconductor Technology Selection

To implement a Gilbert-cell mixer, different typektransistors can be potentially
used such as Si CMOS, Si BJTs, GaAs MESFETs, GadsGaN HEMTs, or GaAs
HBTs [39][40]. However, for our application, becausf their better noise performance,
higher transconductancgnf), higher cut-off frequencyfif, as well as excellent level of
integration [41], HEMT devices have been retained.

Over existing HEMTs, Gallium Arsenide (GaAs) psemdophic HEMTSs
(PHEMTS) can exhibit very low noise and excellgptitades to operate at high frequencies
with a cut-off frequency higher than 100 GHz [4Also, it has high breakdown voltage
and direct band gap [42]. As stated in [43] “Gafes a good balance of properties for a
wide range of RF applications such as wirelessiegupbn including Wi-Fi, Bluetooth and
WiMax”.

In this work, we used the 0.15um GaAs pHEMT tecbgglprocess provided by
“Win Semiconductor Crop. (WSC)” [44]. All the compents are taken from the WSC

design kit including transistors, capacitors, agglstors.

4.3. Down-Converter Gilbert Cel Mixer

In this subsection, the basic operation of the &tHoell is detailed. In addition,
different optimization improvement techniques arespnted including current bleeding,

current reuse, and folded mixer.
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4.3.1 Basic Operation of Conventional Gilbert Cell Mixer

The Gilbert cell mixer is a double balanced mixededy utilized in widespread
circuits [25]. Its basic structure is illustratedkigure 17 [37] where two single balanced
topologies are combined together to create a dduddlEnced structure. The Gilbert-cell
mixer is a differential topology at each of itsegbrports (LO, RF, and IF). This feature
leads to an inherent isolation between the RF/LEJRand LO/IF ports and prevent LO
feed through. In addition, it can exhibit acceptatdbnversion gain and provide moderate
linearity. Furthermore, it can cancel the even lamcs distortion, albeit at the expense of
circuit complexity [36][37].

The operation of a Gilbert-cell mixer could be detl into three stages as seen
in Figure 17 [37]: the RF stage (input stage), ltkestage (switching stage), and the IF

stage (output stage).

1
LO Switchmng | .
Stage |

1 Vo

-
EF Amplification |
Stage 1

Figure 17 Conventional Gilbert-Cell Mixer [16]
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The input stage consists of two differential tratmis (M1 and M2, operating at
saturation region). It amplifies and converts thpuit voltage to an output current. The
switching stage (transistors M3 to M6, working nteg pinch-off range) is in charge of
multiplication of the RF incoming signal, makingetburrent out of phase [37][45][46].

Gilbert-cell mixer demonstrated high port isolatiercellent gain, and cancellation
of all even harmonics; however, it requires stakimye transistors leading to more bias
supply and power dissipation [47][48]. In additidhe noise figure is going to be in-
creased [48]. Also, the linearity could be degraddwrefore, there are some techniques

to improve the conventional Gilbert cell mixer perhance.

4.3.2 Gilbert-Cell Mixer | mprovement Techniques

To address the issues of power consumption antivediahigh noise figure, dif-

ferent configurations have been proposed to imptbgdasic Gilbert cell performance.

A. Folded Gilbert cell mixer
The main idea for folded mixer is to reduce thetagé supply and improve the
conversion gain and noise figure. This conceptlEaachieved by separating the RF stage
from the LO stage in terms of voltage supply, gsiacted in Figure 18. Indeed, the key of
this technique is reducing the voltage supply bthi@expense of larger chip size by adding
additional components [47][48]. The folded mixeitizés both N-channel and P-channel

devices; however, the P-channel ones limit theueagy operation [36].
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Figure 18 Folded Mixer [48]

B. Gilbert-cell Mixer with Current Reuse

The key advantage of using a current reuse techngjio have low current in order
to reduce the circuit power consumption. Figuréa)Presents a single N-channel transis-
tor with a transconductangg and a drain currenb while in Figure 19 (b) there are two
N-channel transistors. Each transistor hag2and Y2lp which the same operation
as Figure 19 (a). In Figure 19 (c), the M2 is repthby a P-channel transistor and the total
transconductance is almost doubde:# gm2) while the current is reduced by half. The
main problem of this technique is that, using Pacieh with a more limited frequency

operation, could be increase some parameters diise iigure [49].
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Figure 19 Current-reuse Technique [49]
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C. Current Bleeding or Charge-injection Technique
As mentioned above, the conventional Gilbert celé two stages namely, the
switching stage (M3-M6) and the amplification st@igd and M2). The principle of charge
injection is to increase the current in the amdifion without affecting the current of the
LO stage and make sure the RF transistors aretopeed saturation region with enough
current. This can be achieved by adding two resigts to the RF stage to improve the
conversion gain as in Figure 20. This mechanismaeslthe current in the LO stage thus,

the voltage in the load resisters can be decrezsecll [47][48][50].

VDD

Figure 20 Charge-injection Technique [48]

To conclude, there are varieties of mechanismsfwove the conventional Gil-
bert-cell mixer. The folded mixer allows decreasihg voltage dependency by making
separate voltage supplies for the LO stage an&Ehstage. In addition, the current reuse
technique could be utilized to reduce the poweisaamption by providing lower current.
On the other hand, in both previous techniquesn#esd for P-channel devices limits the
frequency operation. The current bleeding technrgdeces the voltage in the LO and RF
stages and increases the conversion gain by ingectirrent in the RF stage. In addition,

the design kit provided by WSC can be used onl\Nf@hannel transistors.
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Therefore, the current bleeding technique has betamed for our down-converter

Gilbert-cell mixer design.

4.4. Current Bleeding Techniquefor Gilbert-cell Mixer

In this section, the current bleeding or chargedhjechnique is going to be dis-

cussed in details including the circuit operatidesign and implementation.

4.4.1 Operation of Current Bleeding Technique for Gilbert-Cell Mixer

The schematic of the Gilbert-cell mixer by usinguae injection or current bleed-
ing technique is shown in Figure 21. The RF sigmapplied to the gate of the differential
transistors (M1 and M2). Such configuration produegatively constant gain, cancels the
even harmonics, and converts the M1 and M2 RF isigmial voltage to output current.

The LO signal is applied to M3-M6. These transistmgperate near pinch-off region
in order to accomplish the multiplication of the Raplified signal with the LO signal. A
current mirror stage (M9 and M10) provides the remflicurrent for the circuit. Figure 22
shows the current mirror configuration used in@ibert-cell mixer design [51]. The total
current of this configuration relies on the inputrent and R8 (independent supply). Add-
ing R8 reduces the dependency on the input cuiéhtFinally, two source follower buff-
ers (M7 and M8) are added to match the IF+/IF- outgth baluns.

In order to get high conversion gain, the RF trstioss should be larger than the
LO transistors. On the other side, large size isétmis increase DC and LO power con-
sumption.

Therefore, the current bleedinB:(andRz) was added to M1 and M2 to enhance

the conversion gain by increasing the currentéRF stage. This current should be enough
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to operate M1 and M2 in the saturation region whelducing the current in the LO stage;

therefore, the voltage is dropped in the load tei&s andR; [32][45][46][50].
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Figure 21 Schematic of Fully Integrated Gilbert-cell Mixe54
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Figure 22 Current Mirror Configuration (independent suppl]
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4.5. Device Sizing

The next step in mixer design is selecting theablet size of the transistors. In fact,
there are trade-offs in terms of noise figure, @gion gain, maximum frequencih{),
and power consumption for specific transistor disiens. Most of these parameters are
relied on the transistor size [52]. Note that im work, we were limited by the WCS tran-
sistor design kit availabilities (for instance, #neailable gate widths are limited to 25, 50
and 100 pum, while the number of fingers should Yeneand not exceed 8). Therefore,
preliminary simulations run in the commercial cit@imulator Agilent ADS indicated that
the retained GaAs HEMT exhibits a minimum noiseaufegfor a current density around
0.15 mA/um as reported for different semiconducto[83]. As seen in Figure 23, lowest
minimum noise figure around 0.17 dB was achieved®f@ingers and 25um gate-width
(2x25pum) and 8 fingers and 25um gate width um (gx26 However, these two transistor
behaviours are different in terms of power consuompias showed in Figure 24.

Note that the maximum frequendydy is around 95 GHz while the WiMax tech-
nology operates in the range of 5 GHz. Therefdre simallest size transistor available in
the design kit, i.e., 2x25 um, is chosen basediommm noise figure, power consumption
and maximum frequencynay. Moreover, the small transistor size providesdhgity to
apply the current bleeding or charge injection téghe in order to reduce the circuit volt-

age and increase the conversion gain.
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Figure 24 Power Consumption vs. Transistor Size

4.6. DC analysis
In this section the DC analysis for the 2x25 pmgistor is discussed. The main

purpose is to choose the suitable transistor leitimgs [54] to ensure that the amplification
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stage will be operating in saturation region witle switching stage would function near
pinch-off region.

For the amplification transistors M1 and M2, tirain currentlps) should be suf-
ficient to saturate the transistors, i\Mps> Vdsatwith Vasatthe point where the drain reaches
saturation, and/bsthe drain-to-source voltage [54]. As shown in Feab, the highest
transistor transconductangs occurs when the value of gate-to-source voltages)(is
between -0.25V and 0V [54]. On the contrary, far flwitching stage, the transistors M3

to M6 should operate near pinch off region.
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Figure 25 The Transconductance vs. Gate-to-Source Voltage

The following step is to simulate the transistard determine the bias voltage and
current for each transistor. For transistors M1 B#] Figure 26 shows that they should
be biased aV¥ps=1.3V andVGs=-0.25V to provide higlgm. The corresponding drain
current is 6 mA. While for the switching stage, kg 27 shows a bias point\ébs=0.2V
and Ves =-0.3V with a drain current of 2 mA, leading to arent of 12 mA traveling

through M9 transistor (Figure 28). Finally, the glation of M10 transistor is presented
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in Figure 29. It should operate in saturation raglweside, the gate voltages] should be

equal to the drain voltag¥®i) (Figure 22).

m1

VDS=1.300
IDS.i=0.006
VGS=-0.250000

IDS.i, mA

VDS
Figure 26 Bias Point for Amplification Transistors (M1 and M2
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Figure 27 Bias Point for Quad Switching Transistors (M3-M6)
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Figure 28 Bias point for Total Current Transistor (M9)
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Figure 29 Bias point showind/cs = Vosfor the Current Mirror (M10)

The operating point for each transistor has beenseThe subsequent step is to
determine the value of resistd®s, R;, Rs, Rs andR7. By applying Kirchhoff'sVoltage

Law (KVL) to the circuit shown in Figure 21 (wi¥bp =3.3V), we have:

Vpp = IR11 +Vpgyy +Vpsmg (4.1)

Vop —Vpsm1 + Vpsmo
1

R1:

33-13-0.7

= 6500
2mA

Because the Gilbert cell mixer is symmetric,

R1=R, and R = R7.

Thus,

Rs = R7 =275 Q.
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The resistoRs can be obtained using the following equation

_ Vpp—Vesmio
Ipmio= =7 (4.2)

Referring to the current mirror circu¥c = Vp = 0.4 V. Therefore, the current
through M10 was set to 1 mA to equaleandVp.

Then,

Rs = Vpp—Ves m10 (4_3)

Ip m10

_3.3-04

R = =2900 Q
5 1mA

To conclude, the transistors have been sized & 2#2 Then, the bias points have
been fully selected for each transistor includingphfication stage, switching stage and
current source stage. In addition, the resistdisagshave been calculated to get the desired
performance operation. Table 11 summarizes theddidee transistor used in the gilbert

cell mixer shown in Figure 31.

4.7. HarmonicsBalance Analyss

Once the DC analysis completed, the following $$ggping to run the large signal
analysis or harmonic balance (HB) analysis of thioe®-cell mixer circuit depicted

in Figure 21. Furthermore, the simulator was sefoupnput signal frequency from 3.493
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to 3.507 GHz and LO signal frequency of 3.5 GHpiider to get the IF output frequency
of 7 MHz. Because of differential configurationsi- Rnd LO inputs and IF output are
converted to single ended by using ideal transfesme

Figure 30 shows the basic set up for the down-atev&ilbert-cell mixer includ-
ing the HB analysis, differential mixer and transfiers while Figure 31 shows its sche-
matic implemented in ADS. The essential paramébeidown converter Gilbert cell mixer

are going to be simulated including conversion gianearity, and noise figure.

4.8. HarmonicsBalanced Resultsfor Gilbert Cell Schematic
In this section, the schematic results are reparnteldding conversion gain, noise
figure, IIP3, OIP3 and P1-dB compression point.eNibiat in this section, ideal transmis-

sion lines have been utilized.
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MIX1 |_Probe
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TF1

19

VRFin Viogd

=Term
Term2

TF3
TF2

. o TF3
TF3

PORT3

Figure 30 ADS Set Up for Gilbert Cell Mixer
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Table11l Transistor size for the designed Gilbert cell mixer

Description Function Size
Transistors(M1 and M 2) Amplification Stage 2x25um
Transistors(M3, M4, M5 and M 6) Switching Stage 2x25um
Transistors (M7 and M 8) Source follower 4x100um
Transistor (M9) Current Source 2x50pum
Transistor (M 10) Current source 2x25um
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481 Converson Gain

The same set up used in Figure 30 and Figure (3deid to simulate the Gilbert cell
mixer conversion gain.

Different elements affect the conversion gain sash.O power level, impedance
matching and device width. There are indeed trétsdbetween these factors but the main
parameter to be considered is the LO power lemdhdt, this value has to be chosen care-
fully to get the optimum value for gain, compresspwint, and noise figure [54].

As seen in Figure 32, the optimum LO power of -3rd@lows reaching the highest
conversion gain value, i.e., 7.3 dB.

However, as displayed in Figure 33, the above L@guagives a relatively high
single side band noise figure of around 10 dB. &fwe, as compromise, we selected a
LO power of 0 dBm, corresponding to a conversioim ga about 6 dB and a noise figure
of 9.3 dB for single side band and 6 dB for doubitde band, which are still acceptable

values according to mixer requirements (Table 9).
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Figure 32 Conversion Gain vs. LO Power Level
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Based on the WiMax receiver budget link discusse@€hapter 2, the RF input
power for Gilbert cell mixer has been set in thege-20 dBm to -15 dBm, leading to a

conversion of gain of about 6 dB (Figure 34). Tihgut/output power spectrums are pre-

sented in Figure 35.
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Figure 35 (a) RF Spectrum, (b) IF spectrum

To conclude, to reach a conversion gain of aroud®& 6the LO power should be

set at 0 dBm and the RF power around -20 dBm.

4.8.2 Linearity

As mentioned in section 3.2.2, the system lineantyld be evaluated through the
1dB compression point and the input third-ordeercgpt point (11P3). Therefore, a two-
tone analysis was performed with the two RF fregiesf;, = RF+Fspacing/2 anfd = RF-
Fspacing/2, with Fspacing = 20 kHz (i.e., 3500.MHz and 3499.990 MHz, for a center
RF frequency of 3500MHz). The third-order produatsX:-f> and 2»-f1 correspond to
3500.03 MHz and 3499.97 MHz, respectively. As reshe undesired output signals will

take place around 7.010 MHz and 6.990MHz, as shovagure 36.

Chapter 4. Gilbert Cell Mixer: Design, Implementatj and Results 57



Figure 37 shows an I18f 1 dBm while the 1IP2 was found to be 39 dBmtHis
figure, the curves in dash lines are the real sigoaer while the sold lines represent the
ideal behavior of the first and thei8rder terms. At low input power values, these csirve
overlap whereas, when the input power continuesa@ase, the curves of the real signal
power depart from their ideal behavior, showing pagssion. The point X at the intersec-
tion of the two solid lines of ideal behavior indies the 1IP3. Figure 38 shows a 1-dB

compression point of -8 dBm.
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As for the Figure 38, the two curves show the i@eal the real fundamental signals.
When the input is low, both the ideal and the fundatal are linear but at some point the
fundamentals compress. When the difference betweetwo curves is 1 dBm, there we

have the 1-dB compression point.

m3
P_RF=-8.000
20 PIF_DwnConv_dBm=-3.149
5 -
s 104
S 0+
[e]
g i
2 -104
g— - m?2
O 20— P_RF=-8.000
- Pideal IF_Down=-2.154
-30 T 1

| | | | |
-30 25 20 15 10 -5 O 5 10 15
Input Power (dBrr

""" Ideal Signal = Fundamental Signa

Figure 38 P1-dB Compression Point

4.8.3 NoiseFigure

With a LO power level of 0 dBm, we obtained a S®i&a figure of 9.3 dB (Figure
39) and a DSB noise figure of 6 dB (Figure 40).salue is in agreement with the WiMax

standards [16].
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49. Co-smulation and Layout

4.9.1 Transmission Line
Different transmission line widths were considetedyet the 5Q characteristic
impedance. As seen in Figure 41, the most suitadtsmission line width that can pro-

vides 5@ characteristic impedance is around 70um.
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Figure 41 Characteristic impedance for 70 pm width

4.9.2 Layout Design

In the process of generating layout, note thatptiesive components used in this
design are already built-in and taken from thegtegit provided by “Win Semiconductor
Crop.”

The first stage to be implemented is the LO st&ggufe 42) and its co-simulation
setup is shown in Figure 43. Using the same appradicstages were implemented one by
one in the layout and co-simulated to compare haiformance with the equivalent sche-
matic results. This technique is time consumingibassures a good control on the layout
generation in terms of performance degradationmigation while switching from sche-
matic to layout. The layout ground is considereéadeal. The full Gilbert-cell mixer layout

is displayed in Figure 44 while the full co-simudett is displayed in Figure 45.
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Figure 42 Layout of the LO Stage

Figure 43 Co-simulation for LO Stage
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Current Source
Stage

RF Stage

LO Stage

Figure 45 Full Co-simulation Schematic for Gilbert Cell Mixer

49.3 Co-simulation Results

The following subsection shows the co-simulatiosutts of the conversion gain,

linearity and noise figure for the designed downxeater Gilbert cell mixer.
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« Conversion Gain

Figure 46 displays the conversion gain while swegphe LO power. For the se-
lected LO power of 0 dBm, the conversion gain fromrsimulation is found equal to 5.1

dB.

5.5

5.0— o

4.0

3 51 /

307/

25—

2.0 | l I l I l I l I
6 T | | 2 4

LO Power, dBm

ConvGain_Down

Figure 46 Co-simulation: Conversion Gain vs. LO Power Level

% Linearity

Linearity can be evaluated by 1IP3, 1IP2 and PletdBpression points. Figure 47
shows the co-simulation results for both 11P3 dff®] The co-simulation achieved an IIP3
of about 1.5 dBm and an 1IP2 of 36 dBm. The co-$atmon result for a P1-dB compression

point is -8dBm.
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% Noise Figure

45,00

A SSB noise figure of 11.6 dB was achieved for OdBinpower (Figure 48). As

for the DSB noise figure, it attained 8.4 dB atBhd(Figure 49).
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4.10. Coupler or Baluns

In RF transceivers, most mixers are designed &srdiitial circuits. Therefore, to
supply differential RF signals from a single-enéesignal, a coupler or balun is required.
Baluns can be categorized as active baluns oryeabaiuns [56]. Passive baluns include
power dividers, branch line couplers ¢p@nd rate-race couplers (¥80In this thesis, the
rate-race coupler was retained because the cifwatithas been designed requires & 180
phase shift between signals. Figure 50 demonstdifiesent type of rate-race power di-
vider where the input, output and isolated porscated as clarified in Table 12. Figure
51 presents the Rate-Race coupler configuratidodimg the transmission line impedance

and wavelength that should be designed.
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Figure 50 Power Divider Circuits Configurations [58]

Table12 Rate-Race Ports Situations

)

Input Port | Output Ports| Isolated Poft  Phase diffeecbetween output port
1 2,4 3 180

2 1,3 4 0

3 2,4 2 0

4 1,3 1 180
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Figure 51 Rate-Race Coupler configuration [59]

In the Rate-Race coupler design, the width, leragtth radius of the transmission
line displayed in Figure 51 have been calculatedguthe LinCalc tool from ADS. The
results of this calculation are 27 um of width, @@0m of length and 7400um of radius.
By looking for these results, the length and tlidusare too large. Hence, the layout size
IS going to be large and impossible to fabricate.

The coupler layout size is illustrated in Figure BBing passive balun has ad-
vantage such as no dc power consuming. On the bémet, using inductors and micostrip
line makes the design more lossy and hard to fateridue to its size and cost [60]. There-
fore, we looked for another option to apply insteédsing passive coupler. Active baluns

are a good alternative for WiMax application asorggd in [56].
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Figure 52 Rate-Race Coupler Size

4.10.1 ActiveBalun

Active baluns use active components such as ttansi® convert the single-ended

signal to differential ones and vice versa. Actibuns could be allocated in two ways

such as in the front of LNA block as illustratedrigure 53 or between the LNA and the

mixer as seen in Figure 54. However, since actalarts usually exhibit high noise figure,

the second configuration is the most widely usenmgement these baluns as illustrated

in Figure 54.

Figure 53

Antenna

1 BALUN

Active balun connected to LNA [56]
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Antenna

%4

Mixer
BALUN
RE IF

LO

Figure 54 Active balun as intermediate block between LNA &fider [56]

In practical design, there are varieties of circomfigurations to implement active
baluns with gain like the common-gate/source camfgon illustrated in Figure 55 (a) or
the differential configuration shown in Figure 3§.(Figure 56 shows the simplest topol-
ogy of active balun with a single transistor, whgdin is less than unity [56]. The main
concept of these topologies is to achieve phaserdifce of 180between the two output
nodes (RFoutl and RFout2) [56]. In fact, the maimglexity to design active baluns is to

achieve balanced gain between the two phasesdhidies.

vdd vdd
Vdd Vdd

Rl

Rl RZ
$—» RFoutl

$—»RFoutl ¢&—»RFout

%iasH n —| 1w
'—OVbiasZ

RFin ¢

(a) (b)

Figure 55 Active baluns circuits (a) Common-gate with comnsonrce (b) Differen-
tial [56]
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vdd

RZ

RFoutz

RFoutl

Rl

Figure 56 Common source/drain active balun circuit [56]

Using active baluns can provide gain and consurs® ¢hip area which is very
important in our design; however, it is more comgteimplement. Therefore, the design

of active baluns is left as future work.

4.11. Discussion

To conclude this Chapter, a GaAs pHEMT transistas Wirst selected and its size
optimized for optimum trade-off between gain, ndigare and power consumption, while
meeting design requirements. With a transistor twaft25%2 um, a DC simulation was
performed and a DC analysis applied to determieeptioper bias points for the circuits.
Then, basic operation of Gilbert cell mixer was lakged and improvement techniques
introduced. The current bleeding or charge injectexhnique was retained to optimize the
Gilbert cell performance. Next, the full schemati¢he down converter Gilbert cell mixer

was simulated and the results discussed.
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Finally, a layout was generated, a co-simulatiafgomed, and the obtained results
successfully compared to those obtained by thensatie.

In Table 13, a comparison was made between ttenaokation results and those
obtained by the schematic including conversion gadise figure, 1IP3 and [IP2. Figure
57, Figure 58 and Figure 59 show the mixer resnlterms of conversion gain and noise
figure for both schematic and co-simulation. Aldoe conversion gain and noise figure
were simulated over the RF frequency as seen mr&i§0 and Figure 61. Finally, Table

14 shows the comparison of our designed Gilbettraider performance with published

works.
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Table13 Gilbert Cell Mixer Results Comparison

Schematic Co-simulation | Design Specifications
Conversion Gain 5.7 dB 5.1dB Minimum 5 dB
Noise Figure (SSB) | 9.3 dB 11.6 dB Maximum 11 dB
Noise Figure (DSB) | 6 dB 8.4 dB Maximum 8 dB
IP3 1 dBm 1.5dBm Minimum 0.3 dBm
OIP3 6.7 dB 6.6 dBm Minimum 5.3 dBm
P1-dB Compression| -8 dBm -8 dBm -9.7 dBm
P2 39 dBm 36 dBm 32.4 dBm

As seen in the above table, there are slight éiffees between the design specifi-
cations constraints and the obtained results. imgeof conversion gain, the result that
achieved in both schematic and co-simulation isebé¢han the design specifications. This
implies higher noise figure. So if the schematisadigure for both SSB and DSB met the
specifications, the co-simulation noise figures slightly higher than the design specifi-

cations, mainly due to transmission line lossesgardsitic coupling in layout.

Chapter 4. Gilbert Cell Mixer: Design, Implementatj and Results 76



Table14 Mixer Performance Compared with Published Works

[*2)

Q)

Ref Technology | Topology RF freq.IF freq.| PLO | P-1dB| Gc | IIP3 | 1IP2 NF Pdiss
(GHz) | (MHz) | (dBm) | (dBm) | (dB) | (dBm)| (dBm)| (SSB) | (mW)
[23] 0.15pm In- | Gilbert- 2.6 0 -6 6 -0.1 41 11| 30
GaAs pHEMT| Cell (DSB)
[38] 0.18 um Gilbert- 2.4 10 -6 98| 044 10 N/Al 114 5
CMOS Cell
[61] 0.1&amRF | LNFM 35 20 -20* | 21 [ 1096 -11 | N/A | 6.5 10
CMOS based Gil
bert**
[12] 0.1&am RF | Gilbert- | 2-11 20 0 NA| 21 5 N/A 22 12
CMOS Cell can-
celation
Specs 0.15um GaAs Gilbert- 3.5 7 0 -4.7 5 0.3 32.4 11 39.
pHEMT Cell
Co-simula-| 0.15um GaAs Gilbert- 3.5 7 0 -8 5.1 15 36 11.6 39.
tion pHEMT Cell
Schematic| 0.15um GaAs Gilbert- 3.5 7 0 -8 5.7 1 39 9.3 39.6
pHEMT Cell
*RF Power
**Low Noise Figure Mixer
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Chapter 5. Conclusions

51. Summary

In thesis, the design of down converter Gilbert ngker for WiMax application
was explored. This implementation was performedgitfie 0.15um GaAs pHEMT tech-
nology process provided by “Win Semiconductor CrwSC)”. In WiMax, direct con-
version architecture exhibits better performancmmared to other configurations. It has
high level of integration and less blocks, thusesasost and power. From the WiMax re-
qguirements, taken from the IEEE 802.16 standatthkabudget for the down converter
mixer was calculated including main design pararsete

Then, different mixer topologies were discussedtaedSilbert cell mixer was re-
tained due to its better performance in terms ofRIIF ports isolation, suitable gain,
adequate linearity and even harmonics cancelatampered to other mixer types includ-
ing single, dual-gate, and single balanced tramsiatxers.

The Gilbert cell mixer design was implemented uskag\s HEMT semiconductors
due their advantages of high noise performancd, themsconductanceq) and high cut-
off frequency f). To further improve the performance of the destyilbert cell, differ-
ent configurations were proposed such as the fotdgdr, current reuse mixer, and current
bleeding mixer. The current bleeding or chargeciinga technique was utilized because it
reduces the voltage in the LO and RF stages whdesasing the conversion gain in the

RF stage by injecting more current.
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The selected transistor was sized based on loverigjare and low power con-
sumption. Also, the DC analysis was performed oheoto specify the bias point for dif-
ferent design stages. Furthermore, a harmonic balaimulation was achieved to deter-
mine the main parameters of the Gilbert cell miretuding conversion gain, 11IP3, OIP3,
P1-dB, 1IP2 and NF. The full Gilbert cell schematias implemented and its design pa-
rameters successfully compared to the co-simulaésalts.

Finally, due to the mixer differential configuratioRF and LO inputs and IF output
should be converted to single ended by using mgllers/baluns. Using a passive coupler,
like a Rate-Race coupler, was an option due tadteantage of no dc power consuming;
however, a problem has been faced in terms of Isige Therefore, we had to look for
other options to use it as an alternative desiga.f@und that active baluns can be the
proper selection for WiMax application because thlegw advantages of small size while
generating gain, but at the expense of more degmplexity. Hence, the active balun

design was left as future work.

5.2. FutureWork

The down converter Gilbert cell mixer was desigf@mdWiMax technologies to
work at 3.5 GHz. The design presents good perfoceand is compatible with other ex-
isting designs. The Gilbert cell mixer achievesdBlof conversion gain, 1.5 dBm of IIP3,
36 dBm of 1IP2 and 11.6 and 8.4 of single side b&8B) and double side band (DSB)

noise figure, respectively.
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The following recommendations can be considerddrtber expand the direction

of research:

Inductive resonator could be utilized to reducesadigure and improve conver-

sion gain of Gilbert cell mixer as reported in [62]

» Due to large size and high cost in designing pasisibrids, active baluns need
to be designed and implemented at RF, LO and Its piglatching networks could
be required once the active baluns will be conmkatehe ports.

* The present work could be extended to mobile systerhich will require rede-
fining specifications to be met. One of the majesidn objectives will involve dc
power minimization.

» Designing a device which can operate with differapplications, i.e., a multi-

band multi-mode mixer.

Chapter 5. Conclusions 80



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

J. Mallek, H. Mnif and M. Loulou, "Analog digitaloaversion specifications for
WiMAX homodyne receiver,in 2010 Int. ConfMicroelectronics (ICM)pp. 20-

23, 2010.
Z. Abate. WiMAX RF Systems Engineerirfytech House. 2009.

D. Huang, S. Kao and Y. Pang, "A WIMAX receiver lwitariable bandwidth of
2.5 - 20 MHz and 93 dB dynamic gain range in uiBCMOS process," i2007

IEEE Radio Frequency Integrated Circuits (RFIC) ®ymp. 369-372. 2007.

M. Masihpour and J. Agbinya. Planning of WiMAXx an@E networks, University

of Technology, Sydney Australia

A. Angelos, “System Level Analysis of a Direct-Gvension WiMax,” Engineering

Master Thesis]echnical University of Cref008.

Gu, Qizheng.RF System Design of Transceivers for Wireless Contatu

tions Springer. 2005.

J. Gao, J. Tang, and K. Sheng, “Study of FlickersBldor Zero-IF Receiver,” in
Progress Electromagnetics Research Symp. O(fitEeRS) vol. 1, no. 5, pp. 591-

593, 2005. Last access March, 2013.

http://www.piers.org/piersonline/pdf/\Vol1No5Page&$H93. pdf,

References 81



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

C.P. Yu, Wireless Receiver Architecture, Last ascedMarch, 2013.

http://www.ece.ucsb.edu/yuegroup/Teach-

ing/ECE594BB/Lectures/Wireless%20Reciever%20Arch.pd

L. Alunan, M. de Leon, and C. Roque, “System-lesigiulation and analysis of a
WIMAX direct-conversion receiver in 90nm CMOS,"TTENCON 2010 IEEE Re-

gion 10 Conf.pp. 1129-1134, Nov. 2010

A. Antonopoulos, N. Mavredakis, N. Makris and M.dBer, "System level analysis
of a direct-conversion WIMAX receiver at 5.3 GHzdacorresponding mixer de-
sign," in15th Int. ConfMixed Design of Integrated Circuits and Systepps,291-

296,2008

J. Atallah, S. Rodriguez, L. Zheng and M. Isma#, direct conversion WIMAX
RF receiver front-end in CMOS technology,"4007 Int. Symp. Signals Circuits

and Systems (2007 ISSC#H), 1-4,2007.

J.Lyuand Z. Lin, "A 2°11 GHz direct-conversioixer for WiMAX applications,"

in TENCON 2007 IEEE Region 10 Comip, 1-4, 2007

IEEE standard 802.16, "Air Interface for Fixed Biband Wireless access system”

part 16, March, 2004.

IEEE Standards for Local and Metropolitan Netwdikijr Interface for Fixed

Broadband Wireless access system” part 16, Oct@ben.

Vector Antennas for WiIMAX manufactured lisuropeanAntennasltd, Last ac-

cess March, 2013http://www.european-antennas.co.uk/Ifltvector.pdf

References 82



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

J. Rogers and C. PleRadio Frequency Integrated Circuits Desjgforwood MA:

Artech House, 2003

J. Lam, “1.2V CMOS down conversion mixer and V@€ign for RF front-end

transceiver,” Engineering Master Thed#;Master University2003

Networks Int. Corporation, WiMax Duplexer, Last ass March, 2013.

http://www.nickc.com/%5Cproduct files%5Cprod-

1318/NIC%203.4%20GHz%20WiMax%20Duplexer.pdf

A.-T. Phan and R. Farrell, "Reconfigurable multidamultimode LNA for
LTE/GSM, WIMAX, and IEEE 802.11.a/b/g/n,'IEEE Int. Conf. Electronics Cir-

cuits and Systempp. 78-812010.

H. Lee, D. Ha, and S. Choi, "A systematic appraac8MOS low noise amplifier
design for ultrawideband application$£EE Int. SympCircuits and System9p.

3962-3965, 2005

H. T. Friis, "A Note on a Simple Transmission Fofaju Proceedings of the

IRE, vol. 34, pp. 254-256, 1946

Antenna Effective Aperture and Friis Equation, biiw, Last access April, 2013.

http://whites.sdsmt.edu/classes/ee382/notes/38Qta3t. pdf

J.Wu, R. Ye, and T. Horng, "A high 1IP2 gilbertrar-based downconverter design
for direct-conversion WiMAX receiversIEEE Radio and Wireless Sympmp.

404-407, 2010.

C. Hsiao and Y. Huang, "A low power high linear@OS folded mixer for Wi-

MAX application,"IEEE Int. Conf. Semiconductor Electronipp, 119-1222010.

References 83



[25]

[26]
[27]

[28]

[29]

[30]

P. Alegre, “Analysis, Design and ImplementatiorAoialog / RF Blocks Suitable
for a Multi-Band Analog Interface for CMOS SOCsyidineering Doctoral Thesis,

Federal University of Rio Grande do SRQ08.
D. M. PozarMicrowave Engineering Second EditjoNiley, New-York, 2012.
M.C.E. Yagoub. “Non-linear Microwave CircuitELG6369 Course Note2012.

I1P3 & IIP2, Clifton Laboratorieshttp://www.cliftonlaboratories.com/norton am-

plifier.ntm, Last access November, 2013

A. Niknejad, Mixer Noise and Design, Advanced Comination Integrated Cir-

cuit, University of California, Berkeley, Last A= April, 2013.

http://rfic.eecs.berkeley.edu/~niknejad/ee242/m#f? mixer noise design.pdf

Mixers by Liam Devlin, Last access March, 2013.

http://ee.sharif.edu/~comcir/readings/mixers/mixetsrial. pdf

[31]

[32]

[33]

F. Giannini, G. LeuzziNonlinear Microwave Circuit Desigrlohn Wiley & Sons,

2004.

S.A. MaasNonlinear microwave circuits and RF desidworwood MA: Artech

House, 2003.

Mixer Basic, Last access March,2013.

http://gtwork.tudelft.nl/~schouten/linkload/mixeaskics.pdf

[34]

B. Gilbert, “A precise four-quadrant multiplierwith subnanoseconegsponse *,

IEEE Journal of Solid-State Circuits, Vol. 3, Na.1968) pp. 365-373

References 84



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

A. Maas.The RF Microwave Circuits Design Cookbp&lorwood MA: Artech

House, 1998

P. Sulivan, B. Xavier, and W. Ku, "Low voltage pmrhance of a microwave
CMOS Gilbert cell mixer,""EEE J. Solid-State Circuitsjol. 32, pp. 1151-1155,

1997.

W. Hxiao and Z. Lin, "A high gain low power up-cargion mixer for IFWA Wi-

Max system,'|EEE TENCON Confpp. 2474-247,/2010.

H. Wei, R. Weng, and J. Wang, "A 1.5V high lineadbwn-conversion mixer for
WIMAX applications,” Int. Conf. Mechanical and Electronics Engineering,

pp.334-337, 2010.

B. Tzeng, C.-H. Lien, H. Wang, Y.-C. Wang, P.-C.aBhand C.-H. Chen, "A 1-
17-GHz InGaP-GaAs HBT MMIC analog multiplier andxes with broad-band
input-matching networks[EEE Trans. Microwave Theory and Techrupl. 50,

pp. 2564-2568, 2002.

M.L. Schmatz, C. Biber and W. Baumberger, "Conwergjain enhancement tech-
nique for ultra low power gilbert cell down mixgSaAs MESFET ICs],'lEEE

Gallium Arsenide Integrated Circuit Symppp. 245-2481995.

E. Martins, E. M. Bastida, and J. W. Swart, "Desagd performance of gilbert cell
mixer MMICs with GaAs PHEMT technologylit. Microwave and Optoelectron-

ics Conf., SBMO/IEEE MTT-Sympp. 245-2482001.

N. Troy, “Gallium Arsenide (GaAs) the Savior bétSemiconductor”, Last access

April, 2013.

References 85



[43]

[44]

[45]

[46]

[47]

[48]

[49]

http://www.slideserve.com/Mercy/gallium-arsenidestiihe-savior-of-the-semi-

conductor-neil-troy,

“GaAs Wafer Market and Application” from Yole deepiment, 2012 Edition, Last

access April, 2013.

http://www.i-micronews.com/upload/Rapports/Yole GaMafer Mar-

ket and Applications April 2012 Sample.pdf,

Win Semiconductor Crop., Design Kit “0.15um InGa#d4EMT Low Noise De-
vice”.
J. Tsai, P. Wu, C. Lin, T. Huang, J. Chern, andH&¥ang, "A 25-75 GHz Broad-

band Gilbert-Cell Mixer Using 90-nm CMOS Technoldgf EE Microwave and

Wireless Components Lettevsl. 17, pp. 247-249, 2007.

A. Khy and B. Huyart, "A (35 — 45) GHz low powerreitt-conversion gilbert-cell
mixer in 0.13um GaAs pHEMT technologyEuropeanMicrowave Conf. pp.

1058-1061, 2010.

M. Krcmar, S. Spiegel, F. Ellinger, and G. Boedk droadband folded gilbert-cell
CMOS mixer,"14th IEEE Int. Conf. Electronics, Circuits and Systemg. 820-

824, 2007.

Z. Su and Z. Lin, "A 18.9dB conversion gain foldadker for WiMAX system,"

IEEE Asia Pacific ConfCircuits and Systemgp. 292-295, 2008.

A. Karanicolas, "A 2.7-V 900-MHz CMOS LNA and mixér, IEEE Journal

of Solid-State Circuitsyol. 31, pp. 1939-1944, 1996

References 86



[50] C. Lin, P. Wu, H. Chang, and H. Wang, "A 9-50-GHibért-cell down-conversion
mixer in 0.13-um CMOS technologyEEE Microwave and Wireless Components

Letters,vol. 16, pp. 293-295, 2006.

[51] K. Aflatooni, Current Mirror/Active Loadssan José State UniversBySU EE223,

Last access April, 2013.

http://www.scribd.com/doc/80055916/Current-MirroefR

[52] N. Nouri, M. Nezhad-Ahamdi, S. Mirabbasi and S.a&vaNaeini, "A double-bal-
anced CMOS mixer with on-chip balun for 60-GHz reess,"” 8th IEEE Int.

NEWCAS Confpp. 321-324, 2010

[53] C. Dickson, K. Yau, T. Chalvatzis, A. Mangan, E. LaskR. Beerkens, P.
Westergaard, M. Tazlauanu, M. Yang and S. Voiniggthe Invariance of Char-
acteristic Current Densities in Nanoscale MOSFEI&s Impact on Algorithmic
Design Methodologies and Design Porting of Si(@8)GMOS High-Speed Build-

ing Blocks,"IEEE Journal ofSolid-State Circuits,vol. 41, pp. 1830-1845, 2006.

[54] Adgilent-ADS, Mixer Design GuideSept. 2004, Last access May, 2013.

http://newport.eecs.uci.edu/eceware/ads docs/paffdy. pdf,

[55] The MOS transistor, RF& RFIC Microwave Theory desigast access May, 2013.

http://www.odyseus.nildram.co.uk/RFIC Theory FiME'S Transistor.pdf

[56] F. Gomez, M. de Leon and C. Roque, "Active baluauiis for WiMAX receiver

front-end,” INTENCON- IEEE Region 10 Conpyp. 1156-1161,2010.

References 87



[57]

[58]

[59]

[60]

[61]

[62]

D. Chen and Z. Lin, "A fully integrated 3 to 5 GEMOS mixer with active balun
for UWB receiver,"IEEE Asia Pacific Conf. Circuits and Systempp, 370-373,

2006.

G. Hock and C. Chakrabarty, "Design of a 5.8 GHizraae coupler on the

RO4003C® substrate|ht. RF and Microwave Confpp. 253-257, 2006.

Rate Race Coupler, MicrowavelOl.com, Last accass, AD13. http://www.mi-

crowavesl0l.com/encyclopedia/ratrace couplers.cfm

S. Murad, M. Shahimin, R. Pokharel, H. Kanaya andrishida, "A fully inte-
grated CMOS up-conversion mixer with input activaun for wireless applica-
tions," IEEE Regional Symp. Micro and Nanoelectronics (RSM) 112-116,

2011.

R. Weng and S. Liu, "A 1.5V low noise figure mixer 3.5GHz WiMAX systems,"

IEEE Proceeding Int. Symg@ircuits and Systempp. 2211-2214, 2010.

C. Liu, J. Fu, and H. Chiu. "A Wideband Integrateidbert Cell Mixer with an
Inductor Resonator using 0.5um GaAs EnhancemeneNdtEMT Technology".

China-Japan Joint Microwave Conf. Proceedings (CHvivg. 1-2,2011.

References 88



