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ABSTRACT

Linearity is an essential requirement in modem wireless communication systems due
to the small channel spacing. Various linearization schemes have been studied
extensively for power amplifiers, but much less attention has been paid to mixers. In this
thesis, the application of generalized low-frequency signal injection technique to the
linearization of doubly balanced dual-gate mixer is presented. The reason that the
proposed injection method shows better linearity performance than the conventional case
is analytically derived. Issues related to optimum operating conditions and bandwidth
limitation are examined. For experimental verification, a down-conversion mixer is
designed and fabricated using AMS 0.35 “im CMOS technology. It operates at an RF
input frequency of 900 MHz, a voltage supply of 2 V > a LO power of-7 dBm and a total
current consumption of 3.6 mA. For the linearization scheme, a third-order IMD

reduction factor of more than 30 dB is observed over a wide dynamic range.
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Chapter llntroduction

CHAPTER 1

INTRODUCTION

MOSFET (metal-oxide-semiconductor field-effect transistor) was fabricated for the
first time in the sixties. It is the basic building block of very large-scale integrated (VLSI)
circuits. In the past decades, CMOS technology has led to the rapid development of
digital systems including computers and communication applications. CMOS technology

has also become increasingly popular for RF integrated circuit (RFIC) design.

The primary purpose of a mixer is to translate a signal from one frequency to another.
Since amplifiers, filters, and detectors are more cost-effective to be operated at lower
frequencies, therefore mixer is a very popular building block in most transceiver
modules. Nowadays, RF mixers are often realized in monolithic form which offers
advantages such as small size, low-cost in large-volume production. In the early days of
integrated circuit technology, it was known that FET mixer offers advantages like
conversion gain and compatibility with monolithic processing. Conversion gain improves

the system noise figure, reduces the number of amplification stages and improves the

dynamic range of the receiver.
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Reverse Channel Forward Channel
Channel Channel Channel Channel Channel Channel
1 2 1023 1 2 1023
Multiplexing De-multiplexing
KK ...KKK..K K K - K K N - K
—990\ 991\ [T02KI 1\J 2\ 799\ 990\| 991\ 1023\ 1\J 2\ 1799\ -
824-849 MHz 869-894 MHz
Channel Number Center Frequency (MHz)
Reverse Channel 1<iV <799 0.03AN + 825
990<N< 1023 0.03(A™ -1023) + 825
Forward Channel <N <199 OmN + 870
990 <1V <1023 0.03(GV -1023) + 870

(Channels 800-989 are unused)

Figure 1.1 Frequency spectrum allocation for the U.S. cellular radio service

Figure 1.1 illustrates the frequency spectrum allocation for U.S. cellular radio service.
Frequency division multiple access (FDMA) is used in this system. Communication
channels are frequency multiplexed together to maximize transmission capacity.

Frequency multiplexing and de-multiplexing rely heavily on the use of mixers and

channel selection filters.

Figure 1.2 shows the block diagram of a simplified integrated transceiver unit. In the

transmitter side, a mixer is used to up-convert the IF signal to RF frequency for
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subsequent transmission through the antenna. In the receiver side, RF signal is amplified
and down-converted to the IF frequency for further channel filtering and demodulation.

The general requirements for the design of mixer can be summarized as follows:

« Conversion gain (if possible)

* Good port-to-port isolation

* Low spurious signal generation

* Low power consumption and LO requirement
* Low noise figure

* High linearity

LO
w A RF 1 IF p
V *(X]  AVP?
6
- &
RF Y IF
LO

Figure 1.2 Simplified integrated transceiver block diagram

In the presence of device nonlinearities, the output signal of mixer is usually
distorted. As illustrated in Figure 13 ’ the output spectrum has spill-over of energy from

the main channel to the adjacent channels, due to the generation of intermodulation

distortion (Spectral Regrowth). In FDMA system, spectral regrowth causes problems like
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cross talk, and undesired interference to other users. Fortunately, linearization method

may be applied to minimize such nonlinear distortion.

. . ¢
ITTTI1”111 ] o1 —0 =
| | : Prr it : 1 : Spectral | © Mjljliiv.g, [ Spectral
- - - - Regrowth i fprrfwy. | 5 R OH
Frequency Frequency
(a) (b)

Figure 1.3 Spectral regrowth (a) CDMA input spectrum (b) CDMA output spectrum

Linearity is an essential requirement in modem communication systems due to the
small channel spacing. The dynamic range of a RF transceiver is often limited by the
linearity of mixers and amplifiers (LNA) in the receiving chain. Various linearization
schemes have been studied extensively for power amplifiers, however much less attention
has been paid to mixer design. Linearization approaches for mixers such as feed-forward,

predistortion and feedback have been reported recently.

The main objective of this thesis is to investigate new linearization method in
applying to CMOS doubly balanced dual-gate mixer. Generalized "Low frequency signal
injection method" is proposed for the suppression of the third-order intermodulation

products. The organization of this thesis is summarized as follows:

Chapter 2 describes basic theory and the electrical properties of mixers. Various

architectures of mixer are reviewed. Chapter 3 presents the design and implementation of

» =4
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doubly balanced dual-gate mixer based on CMOS technology. Moreover, layout
consideration on CMOS mixer design is discussed. Then, a review of linearization
schemes for mixer is given in Chapter 4. Chapter 5 introduces the generalized low-
frequency signal injection method for mixer linearization. Practical issues related to gain
and phase mismatches are also addressed. For experimental verification, measured
performances of a CMOS down-conversion mixer are given in Chapter 6. Both single and
dual signal injection schemes of the linearization method are tested using two-tone and

vector-modulated signal formats. Finally, conclusions and recommendations for future

work are provided in chapter 7.



Chapter 2 Basic Theory of Mixer

CHAPTER 2

BASIC THEORY OF MKEB

A mixer is fundamentally a multiplier [1]. The ideal mixing response can be

represented by trigonometric identity:

Kut (0 =4 *BcosOOO0

Equation (2.1) shows that if a signal of frequency coif is mixed with another signal of
frequency colo * the output will consist of two signals of frequencies equal to corftcolo
and corf-colo-

Ideal Mixer

RF : Acos(copspt) A

< 5 A
[13 AB
IF : — [cos(coRp+o)Lo)t+cos(coRp-(oLo)t]

LO : Bcos(coLot)

Figure 2.1 Ideal mixing response
Unfortunately, no device can perform perfect multiplication. The non-ideal input-

output characteristics of a mixer can be described by a power series (2.2).

Kuxo= | |« ., + 1L [ 7o+ .. ] (2.2)
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Further mathematical manipulation shows that the nonlinear device may generate
many harmonics and mixing products other than the desired one. Consider down-
converted operation, in the presence of two-tone RF signals, the down-converted output
will consist of the main-tone inputs as well as intermodulation distortion (IMD)
components, as illustrated in Figure 2.2. Linearity performance of a mixer is usually
characterized by using 1-dB compression point, order intercept point, 3rd order
intercept point, blocking dynamic range and spurious free dynamic range [2-3]. The

higher the values of these parameters imply that the device exhibit higher linearity.

V(co)
Output Spectrum Input Spectrum
Aco s h
. . | Aco
“ I <...-->
Fundamental i
Aco Aco
“ IMD3
- I Noise Floor
1 (| Il 1 - — L + J
@ I W Wb w

Figure 2.2 Mixer input/output spectrum

»
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2.1 DEFINITION OF MIXER'S ELECTRICAL PARAMETERS

2.1.1 Conversion gain

Conversion gain can be quoted as voltage or power gain. When both input and output
of the device are properly matched, the voltage gain will be equal to power gain. Power
conversion gain is defined as the ratio of the desired IF output power to the RF input

power. For the mixer described by equation (2.1), the conversion gain Ge is B/2.

Passive mixer generally has power lost during frequency conversion. The conversion
gain of active mixer can be greater than unity. Therefore, active mixer often provides

amplification along with frequency translation.

2.1.2 Port-to-port isolation

It is desirable to minimize interaction between the RF, LO and IF ports. For instance,
the LO power is usually much higher than the RF signal and any LO feedthrough to the
IF output might cause problem in subsequent stages. This problem is exacerbated if the
IF and LO have similar frequency where filtering is ineffective and IF signal is heavily

distorted. For a good mixer design, RF and LO signals should not be presented at the IF

output.

LO to RF isolation is important too. Poor reverse isolation permits the strong LO

signal, or even its harmonics, to be radiated at RF receiving antenna and may cause
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interference to other receivers. Thus, port-to-port isolation should be kept as high as

possible.

2.1.3 Noise Figure
Mixer's noise figure is defined as the signal-to-noise ratio at the RF input port divided

by the signal-to-noise ratio at the IF output port. It is described by equation (2.3).

SIN\if

Typically, there are two input frequency that will generate the same IF frequency.
One is the desired RF signal and the other is called image signal. As illustrated by Figure
2.3, the signal frequency below colo is known as “Lower Sideband", where as the signal
frequency above colo is termed the “Upper Sideband". The frequency spacing between

the RF and image signal is -COIF.

v I K
(Lower Sideband i Upper Sideband)

Noise Floor

CORF ®L O
®1F ®1F

Figure 2.3 Mixer signal sidebands

’
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V(co) V(co)

[IM] Desired down-converted
MR RF signal noise
11
Down-converted image
signal noise

n \ -

Down-Converted ) il

SN LA A [ ]
I1 I1
M . %
| 5
ANAANTM . Noise Floor % & Noise Floor _
fn en m ® oo O
RF LO 1M F

Figure 2.4 Down-converted noise power

Consider the down-converted operation (Figure 2.4), both the RF signal noise and
image signal noise may be transformed to the IF noise. The presence of the image signal
complicates the noise figure computations. In the case there exists RF signal (Lower
Sideband) only, the noise figure thus measured is called single-sideband noise figure
(SSB NF). On the contrary, if both the RF and image signals exist, the measured noise
figure is called double-sideband noise figure (DSB NF). The computations of SSB NF

and DSB NF are given by equation (2.4) and (2.5).

NI
SSB NF = (2.4)
SSB \RF
DSB NF = . ( 2 . 5 )
UcIN DSB

These equations show that both noise figures have the same IF noise, but SSB NF has

signal noise power in one sideband only. The input noise power is theoretically half the

value of DSB NF. So, SSB NF will normally be 3 dB higher than DSB NF.

»

10
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IF Output”
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Figure 2.5 Mixer linearity parameters

2.1.4 1-dB compression point (PldB)

As illustrated in Figure 25 ’ the output fundamental is compressed at certain input
power level. The effect is described by 1-dB compression point (P1dB). It is defined as
the signal level that causes the conversion gain to drop by 1 dB. The value of
compression point is usually quoted depending on whether it is input- or output-referred.

The input P1dB is abbreviated as IP1dB and the output PIdB is abbreviated as OP1dB.

2.1.5 2nd order intercept point (IP2)
When specifying the mixer's 2 lokdel intercept point (IP2), it is assumed that only the

fundamental RF and LO frequencies are applied to the mixer ports and that the harmonic

11
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distortion is created in the mixer alone. The IP2 is derived by extrapolating the mixer's
second-order response until it intercepts the fundamental response. The input second-
order intercept point is abbreviated as [IP2 and the output second-order intercept point is

abbreviated as 0IP2.

2.1.6 3rd order intercept point (IP3)

Under two-tone test excitation, intermodulation distortion will be generated. The
order intercept point (IP3) is defined as the extrapolated intersection of the fundamental
and IMD3 curves (Figure 2.5). The input third-order intercept point is abbreviated as 1IP3

and the output third-order intercept point is abbreviated as 0IP3.

2.1.7 Blocking dynamic range (BDR)
The blocking dynamic range (BDR) is defined as the ratio of 1-dB compression point
to noise floor. It measures a device's ability of strong signal toleration that without

desensitizing the device.

2.1.8 Spurious free dynamic range (SFDR)

The spurious free dynamic range (SFDR) is defined as the signal-to-noise ratio
corresponding to the input amplitude at which an undesired intermodulation product just
equals the noise power. It measures the input power range which makes the output is free

of spurs when two-tone signals are applied to the device.

12
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2.2 REVIEW OF MIXER ARCHITECTURES

The different architectures of mixer provide different operation properties [1]. Passive
mixer offers excellent third-order intercept points but poor conversion gain and noise
figure. It always requires a higher LO power level. Active mixers can be implemented by
bipolar or FET device [4-24]. They have advantages such as conversion gain and
compatible to monolithic integration. The use of active mixer lowers the overall noise
figure and reduces the number of amplification stages required in a system. Various
active mixer designs have been studied and implemented in different technologies. These

architectures will be reviewed in the following section.

2.2.1 Diode mixer
Diode is the most simplest mixer architecture. The mixing process of diode mixer is

caused by the time-varying conductance g(t):
g{t) = GG, cosKoO (2.6)

Equation (2.7) illustrates that when a sinusoidal signal with frequency corF is applied
to the diode mixer, the resulting current contains mixing products at co = corF - ¢oLo and

Q= CORF + COLO.

m = g(t)Kit)

Qv
=Govs cos{o)j,"t) + [cos((6?Hji—0),o)0 + + co)] (2.7)

Simple diode mixer exhibits moderate port-to-port isolation and conversion loss.

13
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RFo . Power o IF
Combiner

LO A

Figure 2.6 Diode mixer

2.2.2 Dual-gate mixer

Dual-gate mixer provides good LO to RF isolation. As shown in Figure 2.7 ’ the
operating principle of a dual-gate device can be illustrated by using two cascade-
connected single-gate FET. In order to provide signal mixing, the lower FET is biased for
RF transconductor operation. The gate bias of the upper FET is adjusted so that the
device is switching on and off every half LO cycle to produce signal mixing. Finally, the

IF component is extracted from the drain terminals of the dual-gate structure.

DD

LO o-~lI

o Viug

RF

Figure 2.7 Dual-gate mixer

In practice, the non-ideal mixer's properties such as finite port-to-port isolation and

14
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noise rejection are always presented. Mathematically, the output signal can be

represented by,

K. (0=Ge 0+ (tf + « +e.]

wp T 2w | ~e+v ] (08
AL+WoW (] (29

Where Gc is conversion gain, L! is RF-IF isolation and L2 is LO-IF isolation. The

functions Vnoise'RF(®) and Vide > LOp denote the noise from RF and LO port respectively.

2.2.3 Singly balanced mixer

The structure of the mixer is illustrated in Figure 2.8. Singly balanced mixer has
performance advantages compared to unbalanced mixer. Singly balanced mixer requires
a differential LO signal, and a pair of differential outputs. These differential
configurations can be obtained by using balun. Subsequently, the output signal may be
expressed as:

DO

+ L] - bL — F
v\ A4 U} I+
Lo I_O+-‘ I ! LhO
O . - 8didh | n ﬁ
RF o4

Figure 2.8 Singly balanced mixer

15
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=Gc (1) + (/7 + (0 +...]
+ L+ ~ ~ (1) 2 + +

s Lo | T4+ | ~@ecs ~t e

-Gel[-a | (0+ (f - (O+._J

=2G, [a |] 0+ @+ 0+

+ + (2.9)
Li

Equation (2.9) shows that the mixer can provide rejection of LO noise and even-order

distortion comes from the LO.
2.2.4 Doubly balanced dual-gate mixer
A doubly balanced mixer consists of 4 simple mixers with proper interconnection as

shown in Figure 2.9. Both RF and LO signals are applied to the mixer in differential

mode. Mathematically, the output signal can be derived as:

16
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| o | |
| SR

+

wWW vO VLI v ]

Lo+ 1 O LO- I Lo+
b1 d— -
0o 0 ] "
— Balun
RF+ -1 IZ RF- R~ ] L RF-
BP , RF
o_
Balun
Figure 2.9 Doubly balanced dual-gate mixer
vou, (0 =T - (0 + J =,2(0 - T (0 -0

scell i v 00w 0rey

A [+VNoise,RFiO
+ 1L~ ( + T~@+0L <« +

+ GecW.Fit) + it)' + (0 +-..
+ L+~ T o >«ty2 - (1)3 4~ ..-

A [+VNoiseMO

+ [0 -etol#c2l] [ yo2ld [ + ..,

A | + Voise,Loit)

-Ge[-...(0 + (ty - (0 +...
- LpiltkD+ > T(2), %02 + LT L] €fo-3

— [ [ A+ @200 U-cozvor +...-
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-Ge [- (0 + i - O +..

- h V[Fop+ @+ @ (2.10)

It can be seen that the mixer provides rejection of AM noise, even-order distortion on
both RF and LO as well as inherent port-to-port isolation. It generally requires 4 times the

current consumption of an unbalanced structure topology.

2.2.5 Gilbert cell mixer

Gilbert cell mixer, or four quadrant analog multiplier was firstly proposed by B.
Gilbert in 1968 [24]. Figure 2.10 shows the schematics of Gilbert cell mixer. The RF
performance of Gilbert cell mixer is similar to a doubly balanced mixer including

rejection of AM noise and input isolation.

In [20], P.J. Sullivan indicates that the principle mixing action of Gilbert cell mixer is
caused by the switching of the upper FET between cutoff and the saturated region. In
dual-gate mixer, the upper FET is operated either in the linear or saturated region. The
change ofMOSFET's transconductance is much greater between the cutoff and saturated

region than between the linear and saturated region. Hence, Gilbert cell mixer allows a

higher conversion gain to be obtained. However, the linearity is usually worse than

18



Ejirfc; Chapter 2 Basic Theory of Mixer

doubly balanced dual-gate mixer. The performance comparison between Gilbert cell

mixer and doubly balanced dual-gate mixer may be found in the references [17 > 20].

> f
IF+ _ A
é’ O IF
alun
IF-
LO+ 1 LO- J L| LO+
| I 1 I
wo 1O a no I
Balun . .
R M R H
F
o¢ BaR\un

Figure 2.10 Gilbert cell mixer
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CHAPTER 3

CMOS DOUBLY BALANCED DUA-GATE MIKEB DESCON

CMOS doubly balanced dual-gate mixer has many advantages including high port-to-
port isolation and rejection of even-order spurious responses [20]. The size and layout of
the transistor has a considerable effect on the performance of RFIC mixer [27]. In this
chapter, the design and implementation of doubly balanced dual-date mixer using 0.35

I"m CMOS technology will be presented.

3.1 DESIGN AND ANALYSIS

The design of mixer based on mathematical analysis. Simulation tools can be used to
verify the design. In this part, mathematical analysis on CMOS doubly balanced dual-

gate mixer is depicted. The simulation results of a design example will be presented.

3.1.1 Principle of operation

Dual-gate device can be represented by using two cascade-connected single-gate FET
devices [20] with equal widths. For RF application, N-channel FET device is preferred
because it has higher carrier mobility for fast switching. As illustrated in Figure 3.1 ’ the
lower FET is biased for RF transconductor operation. The gate bias of the upper FET is

adjusted so that the device is acting as a switch, controlled by the LO signal. The

operation of the switch is described by equation (3.1).

20
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v v
| wr | B
° Vvm/|| M|

V id [ K Vi [

o + Biased \ p
vLOO  m VI properly 7 so |/ s [

" on ~~ [ ~~ - -

VRF [ g [] 00 L[] mr2T ¢

Figure 3.1 Mixing process of CMOS dual-gate mixer

f T T
1 (On) e - £t
m = | T
0 (Off)...... -T<t<-] > -<t<T (31)
with 2 T=—
Sw

S(t) is a periodic square wave form with frequency flo. By using fourier series

expansion, S(t) can be expressed as,

sp =4 + B + Yo,,01) (32)

If the mixing operation is assumed linear, the transistor branch current (id) is simply

given by,

21
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N)=[ ° +IA N

-1 2 |V
=he + gm”RF -+ +

2 yz0 2+ 1 (3.3)
¢

m 2 2 2
=he - + -cos(fyLot) - — cos(3fyLot) + — 57vLot) + .....
5T ..(y )571 (3fyLot) E cos(5"yLot)

With load resistor (RL) and neglects dc term, the output voltage can be written as:

VAt) = hmL
il 2 2 2 1
=L - + - cos(f)Lot) - — cos(3fyLOO0+—cos{50) ot) +...... R,
2 n Zn on _
eeeRFLeakage
2 N
+—/Iﬁ t) -L O Leakage
N 3.4)
+ —/Mjrghvh ... Desired IF signal
n
2
- — AiSm”RF uﬂﬂ)&FOCOSP"’\IOO eseHigherharmonics
D7t
2 N . .
+§Rig,,Vj,p oos(£y/Tﬁ/)cos(5<yI_0t) sssHigherharmonics

+

From equation (3.4), the IF signal may be derived as,
o2 -
= gn,"RF -cosKot)

/7 VRE [COS(6>0 -JJTRF)0 + COS(ELO + ~RF)0.

»
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Since the lower FET operates in linear region, by using SPICE Level 1 model [25],

the final output can be expressed as:

MO:FLcD%HILM[co_LE%F)o +c [l B [2rf)o0] (3.6)
n

Therefore, the conversion gain of the mixer is given by:

Conversion Gain =

|

MnCox ~T"DS\ ~:~~
L 71

"RF

= " (3.7)

Hn is the majority carrier mobility,

Cox is gate oxide capacitance per unit area,

AP
—1s transistor aspect ratio,

vpsi is the lower transistor drain-to-source voltage.
Clearly, the conversion gain of the mixer can be adjusted by changing the aspect ratio

— 7 the drain-to-source voltage or the load resistance value.
L

3.1.2 Doubly balanced dual-gate mixer
Doubly balanced dual-gate mixer basically consists of 4 dual-gate mixers. As
illustrated in Figure 3.2. Both the LO and RF signals are supplied to the mixer in a

differential mode. The output signal is obtained by properly combining the drain currents

from the four mixer branches:

23
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Vjt)

IF+ o
< di)2 O - e
Lo+ H -0 LO- LO- ~ —~ L0+
RF+ 0~I lo RF- RF + 11 °  RF-

Figure 3.2 CMOS doubly balanced dual-gate mixer

[T«o =u [+ /2(«Hz=4 [k
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Similarly, using the SPICE Level 1 model, the expression for the IF output and

conversion gain can therefore be stated as:

8 r 1
n
— AR feos((6;L0 - coMt) +cos«6?lo + 0)N)0] (3.9)
n
- - RIF » + as( ({5310 + "RF)0'
L n
Conversion Gain = — 0.10)

3.1.3 Common source output buffer

In RF measurements, we normally use 50 Ohm as the terminating impedance. If the
mixer's output is connected directly to such a load, the mixing performance will be

degraded. To prevent such effect, output buffer stages are therefore required.

Vdd——"——

< — r < 1 - - ° v
oy [] |[Sma..-signXVJt) \'A Q) i R
[ ik 1 - T 1
L [d i i 4

Figure 3.3 Common source output buffer
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The schematic of the output buffer and its small-signal model are shown in Figure

3.3. The transistor operates in the saturation region and the corresponding output voltage

can be expressed by:

- (3.11)

3.1.4 Design example and simulation results

A doubly balanced dual-gate mixer was designed by using Cadence Design System.
The mixer was design for 900 MHz down-conversion operation with 1 GHz LO and 2 V
supply voltage. The sizes of transistor were optimized so that the mixer provides

conversion gain with low current consumption and high linearity. The schematic of the

mixer circuit is given in Figure 3.4.

2v r -T A
> 1000Q > soon 00n > oooQ >
[F+o 4 I I I
,H 300
H h 035
Lo+[H-H ~ H LO- LO- O H ~ H H-O L0+
h 035 H 035 P

RF+ — y | —RF- RFtoHr ~ J [--RF-
h o 035 h 035 H

Figure 3.4 Schematic of CMOS doubly balanced dual-gate mixer with output buffer
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At a LO power of -7dBm, simulation result show that the mixer provides 1.3 dB
conversion gain. It has IPIdB and IIP3 of -6.34 dBm and 6.59 dBm respectively. The
current consumption of the mixer and the output buffers are respectively, 3.04 mA and

2.75 mA. The simulation results are shown in Figure 3.5 to 3.8.

Transient Response

. Gy
 EEEEMILIERV U RV V U IV VEE
R S
—
— VMVIMMHM
V'S

time (s )

Figure 3,5 Transient response simulation result
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40e IF output: -18.6956 dBm
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'20 |eakage
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- } \ ’
%%II.MIII ]BIIIIZ i}
lieq (H/ )

Figure 3.6 Output spectrum simulation result
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Figure 3.7 P1dB simulation result
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Figure 3.8 IP3 simulation result
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3.2 IC LAYOUT

In the layout, parasitic effect is an important factor that limits circuit's performance
especially in RF operation. Moreover, the tolerances of IC components are large due to
the variations of process parameters [27]. The performances of RFIC are heavily

deducted on these factors.

3.2.1 Multi-fingers transistor

MOS transistor contains a number of parasitic elements. A simplified parasitic model
of NMOS transistor [26] is illustrated in Figure 3.9. Capacitors CGD, CGS, CGB, CDB and
CsB represent the gate-to-drain, gate-to-source, gate-to-bulk, drain-to-bulk and source-to-
bulk capacitances respectively. Resistors rc, RS > and rp represent the gate, source and
drain resistance respectively. The parasitic elements can degrade circuit performance and

therefore reduction of parasitic effect is important for RFIC circuit design.

Drain

o
pH(
Pt
s y ¢
Gate o--VVYV 1= ° Bulk / s / /
< R I Source ‘ ng Drain /
5B I_| @r I'
CsB 'p Bulk (p) n cdb
Source

Figure 3.9 Simplified parasitic model of an NMOS transistor
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For NMOS, parasitic capacitances Cdb and Csb are proportional to the size of the nt
diffusion region. Multi-finger structure can be applied to reduce such parasitic
capacitances, as illustrated in Figure 3.10. Transistor with large aspect ratio can be
divided into multiple identical sections connected in parallel. The paralleled transistors
can reduce the area of diffusion region and thus parasitic capacitances are lowered.
Parasitic resistances depend on the number of contact/via. At the gate, drain and source

terminal, multiple contact/via is often used to reduce parasitic resistance.

. _HIH _pj " .

111 1 Ug
D D
0 0
10 10 10
Gog ~ 2 Gog H1 035 {H 035 I~ 035
~103 ~1 ~1 ~
0 0
S S

Figure 3.10 Multi-fingers transistor layout
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»

3.2.2 Matched Transistor

In mixer designs which are based on differential pairs, circuit performances, such as
rejection of LO rely on the matching of transistor electrical characteristics. The size,
shape and orientation of MOS transistors affect their matching. Another important

category of mismatches stems from long-range variations called gradients. The

magnitude of gradient-induced mismatches depends on the separation between the
effective centers of the matched device. Gradients that affect MOS matching include

those of oxide thickness, stress and temperature. Precautions for designing transistors are

summarized as follows:

Use identical geometries for transistor pairs

NMOS transistor with relatively large width is normally designed using multi-

fingers structure. All thesefingers should have the same width and length.

*  Orient transistors in the same direction

Matched transistors should be placed in parallel to one another. If transistors

have different orientation, they will become sensitive to stress and tilt induced

mobility variations. This causes variation in their transconductance values.
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Place transistors in close proximity
Matched transistors should reside as close as possible. MOS transistors are

vulnerable to gradients in temperature, stress, and oxide thickness. Transistors in

close proximity reduce these gradients.

Keep the layout of the matched transistors as compact as possible
Matched transistors should be arranged as compact as possible. MOS transistors
naturally lend themselves to long, spindly layouts that are extremely vulnerable to

gradients. The only solution is compact size. This usually requires that each

device be divided into a number of fingers.

3.2.3 Matched Resistor

Resistors are created by etching a doped polysilicon film. The etching rate depends on
the geometry of the poly openings. Larger openings grant more access to the etchant and
thus etch more quickly than small opening. Consequently, sidewell erosion occurs to a
greater degree around the edges of a large opening than around the edges of a small one.

This effect causes widely separated poly geometries to have smaller widths than closely

packed geometries do.

When a number of polysilicon strips are arrayed side-by side, only the strips on the

ends of the array experience etch rate variations. To design matched resistors, as

illustrated in Figure 3.11 *> dummy resistors are often added to either end of an array of
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matched resistors to ensure uniform etching. The spacing between the dummy segments

and the adjacent resistors must match the spacing between the resistors of the array.

. Dummy Resistor .
. Matched Resistor .
. Matched Resistor .
. Dummy Resistor ii

Figure 3.11 Matched array of resistors including dummies

3.2.4 Layout of CMOS doubly balanced dual-gate mixer
The IC layout of the doubly balanced dual-gate mixer in AMS 0.35 CMOS

technology is shown in Figure 3.12. The IC layout techniques discussed in sections 3.2.1-

3.2.3 were applied.

Figure 3.12 Layout of CMOS doubly balanced dual-gate mixer
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CHAPTER 4

REVIEW Of MIKEBINEABIZATIOH TECHNQUES

Linearity is an essential requirement in modem wireless communication systems due
to the small channel spacing. Existing linearization schemes include predistortion,
harmonic injection, baseband signal injection and feed-forward system. They have been
studied extensively for power amplifiers [28-45], but much less attention has been paid to

mixers [46-50]. In this chapter, various linearization schemes for mixers are reviewed.

4.1 SOURCE DEGENERATION
Source degeneration is the simplest approach to linearize a mixer [46]. To improve
linearity, the transconductance stages are usually degenerated by an impedance Ze. The

common-emitter transconductance stage and its large-signal model are shown in

Figure 4.1.

Vs | ~ Q a TO "jcje Y " Y

(a) (b)

Figure 4.1 Common-emitter transconductance stage (a) schematic (b) large-signal model

»
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K. L. Fong [46] derived that the amount of IMD3 depends on the magnitude of the

following expression,

\+sCj,Z,(s) +sCj,Z,(s) 4.1)

with inductive degeneration, the term is a complementary to the term
sCjeZ As) and the magnitude of equation (4.1) will be minimized. There is no such
cancellation with resistive degeneration since the term sCjJZ As) is a positive imaginary
number which adds to the imaginary part of the term sCjj* /(s) . For the same reason,
capacitive degeneration would increase the IMD3 because the term sCAMZ7s) is a

positive real number which adds to the "1" term. Therefore, inductors are suggested to be

added at the emitters to degenerate the mixing process. The possible circuit topology is

shown in Figure 4.2.

IF+ o OIF

LO- LO+0->) “0LO-

RF+0-<" ) 4RF +

rYYY\ PYYY\___

Figure 4.2 Mixer linearization by using inductive degeneration

For comparision purposes, K. L. Fong used a class AB mixer as design example [6].

Simulation predicts that the IIP3 value for inductive degeneration, resistive degeneration
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and capacitive degeneration are, respectively, 3.3 dBm, 1 dBm and -2 dBm. Note that the

amount of IMD reduction is rather low.

4.2 FEED-FORWARD SYSTEM

In 1998, Thomas J. Ellis described the application of feed-forward technique for
mixer linearization [47]. Recently, M. Chongcheawchamnam and 1.D. Robertson gave a
similar but simplified version [48]. Figure 4.3 shows the schematic of the proposed
simplified feed-forward system. The system has two identical mixers driven by equal RF
and LO power level to provide the same output IF and IMD3. The input RF signal is

equally split by using a 3 dB power divider and applied to the upper and lower branches.

The lower mixer has a smaller RF level since attenuator is added in the lower branch.
So, the IF output IMD3 distortion is relatively lower than upper branch. By using a linear
amplifier, the lower mixer's IMD3 level can be amplified up to the level of the IMD3 of
the upper mixer. With the phase of the amplified IF signal properly adjusted by phase
shifter, the IF signals between the upper and lower branch is added whereas the IMD3

components are cancelled through the use of a IF balun.
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Figure 4.3 Mixer linearization by using feed-forward technique

The mixer operation can be described as a nonlinear system which can be represented

by:

VA/\ (X) = a/\x + a/\x/\ + a/\x/\ + ta/j]ck + a/\x/\ —+eoe (4.2)

When the signal Vsm{(ot) is fed to the upper mixer, it is shown elsewhere that the
required amplifier gain for the cancellation of the IMD3 signal between the two branches

is:

G = l+— 5 A~ — — i f (4.3)

Sa, 7
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This system was tested using two-tone experiment signal centered at 2.0 and 2.0001
GHz, and had achieved IMD3 reduction factor of 32 dB at 70 MHz IF with RF input of

-6.5 dBm.

In summary, feed-forward system offers excellent linearity improvement, broadband

operation and inherent stability at the expense of complex implementation

4.3 PREDISTORTION
In 2002, predistortion technique is proposed for mixer linearization [49]. As
illustrated in Figure 44 * this system consists of a predistorter with nonlinear input-output

characteristic Vp(x) that is complementary to the nonlinear input-output characteristic

VM(X) of the mixer.

Vp(x) VIx)

A&

A [l
s =10 X r=""i—
— ~ N Predistorter ] y \ H
RF p(X) PrediRs]t:orted IF

LO

Figure 4.4 Mixer linearization by using predistortion technique

Figure 4.5 shows the predistorter which consists of a distortion-path and a delay-path.
In the distortion path, an IMD error signal is generated, amplified and phase shifted by

using a vector modulator. Finally, this signal is added to the delay-path signal.
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MDtlur ~ A
modu lator
IMD
~~Tn Generator r'v — ~ o~
¥ Vector
N. y modulator
(3) Delay
VifL P A A 1 2 OW »

L fcl J

Figure 4.5 Schematic of predistorter
The output of the IMD generator can be expressed by:

IMDout (1) = «o + +aN+aN F e, (4.4)

where an are Taylor coefficients, if a two-tone input signal of,
X = Acos(cOjfj,it) + Acos(cOj"j,2t) is applied to the predistorter, IMD signal will be
generated. The predistorted error signal is obtained by suppressing the fundamental signal
using vector modulator. This error signal and the original signal (delayed) are combined

at the output. Thus the predistorted RF signal can be written as:

vp RF (0 < jeostiyAfii0 +
+ — 4« + COSCO"p2t — COPPE+ )] +eee (4.5)

where bn are variable, a is the phase change in vector modulator. The mixer's nonlinear

output characteristic can be expressed by:

Vi (y) = Cotc,y+ 2+~ 3J/\+/\y + ... (4.6)

»
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where (h are Taylor coefficients of mixer and y is vpP_RF+ LO. The IF signals from the
mixer are filtered by a LPF. By combining equations (4.5) and (4.6), the output IF can

now be derived as:

+ biCjL cos (CO-  co™Qt + 0J

+ Jpoostvzey ] - CoRFiye - Qhot - M)

+ BACA cos((2¢Orfl - ("RFx)1) - OJIT+ 59 )
+ -Kc, ms(rZa,E’ 1- cORF2)t - OLot +

+ cos(Y2¢y N2 - @/J, — COLot +a +

+ ... 4.7)

where 6i, Q2 and 63 are phase delay.

To a first approximation, if the amplitude and phase (a) of the pre-distorted signal is
controlled properly, the down-converted IMD signal can be used to cancel the inherent
IMD generated by the mixer. Consequently, the conditions for exact IMD suppression are
given by:

Amplitude condition: (4.8)
Phase condition : 62 =a +<® +180 ] (4.9)

In [49], two-tone test was conducted with RF input at 836 and 836.442 MHz and 766

LO frequency. A reduction factor of 16 dB of IMD3 was reported.
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This method provides moderate linearity improvement. However, the circuitry of the
RF predistorter is rather complicated (especially if it is adaptive) and this method is only

applicable to narrow band systems.

4.4 DIFFERENCE-FREQUENCY (LOW-FREQUENCY)
INJECTION TECHNIQUE

Recently, M. Chongcheawchamnam proposed to use the difference-frequency
injection technique in linearizing a doubly balanced diode mixer [50]. Figure 4.6 shows
the schematic of the proposed method when applied to a microwave up-conversion

mixer.

RF Ao IF

A

Difference frequency
signal injection m -m LO

RF2 ®RF1

Figure 4.6 Mixer linearization by using difference-frequency injection technique

In the presence of the fiindamental and the difference-frequency signals, such that.
Kn (o= ) + )01+ A — ARF1)0 (4.10)

Representing the nonlinearity in the mixer with a power series, the output signal of

the mixer is thus given by:
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Vo.it) = t"os(kco,ot)t g 1 ( 4 . 1 1 )
J0 1=

where gmn is the n™-order voltage gain which depends on the nonlinearity of the device.
Assume the mixer is weakly nonlinear, the output IMD3 component can therefore be

derived as:

+ COS (CO o™ + - Ot (5T (4.12)

+ COSKo” + Drr2 —Qrr>" —

From equation (4.12), it is clearly shown that to suppress the IMD3, the amplitude
(AL) and phase ((DD of the injected difference-frequency signal need to be properly

controlled. The condition to cancel the IMD3 is derived as follows:

7o o, ., = - X (4.13)

or (4.14)

if
VASml J

Mixer in doubly balanced structure may have zero quantity in even-order

nonlinearity. Therefore, the optimum amplitude and phase can be further simplified as,
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(4.15)

Ko, =f (4.16)

Based on the two-tone experiment with signal frequencies of 10 MHz and 10.5 MHz,
an IMD3 reduction factor of 28 dB was achieved by the proposed method

(LO=1.8GHz).
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CHAPTER 5

MIXER LINEARIZATION-
OWHBEQUENDY SIGNSll INJECTION

Linearity is an essential requirement in modem wireless communication systems due
to the small channel spacing. The dynamic range of a RF transceiver is often limited by
the linearity performance of the low noise amplifier (LNA) and first down-conversion
mixer. In this chapter, generalized low-frequency signal injection method will be

introduced for linearity improvement in mixer.

5.1 MIXER'S LINEARITY

In chapter 4 ° the operation principle of CMOS doubly balanced dual-gate mixer was
discussed. In practice, due to the device's nonlinearity, the transconductance value is a

function of input voltage [51] that can be approximated by:

= Sn, Uk + 5.1

Note that four distinct functions, gnk & 2 3 49, ® employed here to account for
the non-ideal mixing mechanism of different branches due to phase and amplitude
imbalance of signals at the LO and RF inputs, as well as the effects of mismatch between

transistors. As a result, by combing equation (3.8) and (5.1), we have:
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imbalance of signals at the LO and RF inputs, as well as the effects of mismatch between

transistors. As a result, by combing equation (4.8) and (5.1), we have:

2 r +1
] 2 TT In+1 _
/ ;T L0 -0+ 1
M.Af)- 75+ 1 +1f**cosidn+  h (5.2)
= + 2.,2.k\s\t) + COSKAO — "ABG0 + FE—LE 15,0 o4

where VP9 = v alOyTiR - + VAR +5F)

Subsequently, the down-converted output signal is can be expressed by*:

IT k=i V4 2

3 3 ”l— X %; AN
+ gm3’kVrf RL cos((6V —~—)0 + +

Clearly, the output spectrum contains both the fundamental (at IF) and the third-order

intermodulation distortion signal, as illustrated in Figure 5.1.

* Mathematical derivation is shown in Appendix A2
»
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iL
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Aco
Aco Aco 7f
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A
1 111 | % LjJ
0)IF CORF (oLo

Figure 5.1 Simplified input/output spectrum

5.2 LOW-FREQUENCY SIGNAL INJECTION METHOD

A mixer has two inputs namely the LO and RF, as illustrated in Figure 5.2. In the
presence of nonlinearity, IMD components will be generated at the IF output when a two-

tone signal is applied to the RF input.

A A(o Aw Aco
M .
“ + + /I\ — -,IMD
— e/
R 14
i -
"RF1 "RF2 V2
ik
LO

Figure 5.2 Illustration of non-ideal mixing process

In the proposed IMD suppression method, a low-frequency signal is injected into the

mixer. As in Figure 53 ’ the injected signal has frequency equal to the difference
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frequency of two-tone input signal. Due to inherent nonlinearity, artificial IMD

components are produced to cancel out the inherent IMD signal produced by the mixer.

A A® Aco Ao

Low-frequency ~ - =
A signal injection A i ——, Inherent IMD

A e
A 13
L Aco —I Artificial IMD
®RF1 ®RF2 1 % ?jJr2rn !
ik
LO

Figure 5.3 Mixer with low-frequency signal injection
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IP. 100MHz,
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Figure 5.4 Experimental setup of low-frequency signal injection

In the practical demonstration (Figure 54), a portion of the two-tone input signals are

coupled and fed to a FET circuitry for the extraction of the low-frequency signal from its
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second-order nonlinearity. The magnitudes and polarities of the low-frequency signals
are varied by two independent baseband amplifiers. Finally, these amplified signals are
injected into the mixer via the drain biasing networks A and B. To a first approximation,
the transconductance values of the mixer device are modulated by the low-frequency

signal, which can be expressed a:

“(mod_a) =g~ (1 + G, Vi/ cosAcot) (5.4)
where k= 1,2

g Redb = k(1 + G, ViR cosAy/) (5.5)
where k = 3,4

Hence, the resulting IMD components can be derived as**:

M 1+ 3 D f 34co)

k= \ A
+ msuk, @b corr — ¢
Tk=\ % S
l]‘ — N ZIs.co)
+ rfT— cos' g, +- 2150\,
r — I (5.6)
+ BSmUKML — COS ¢
L )T=3 \" 2 X
3 A 3 ” {
+ COS COF + — A
S v Ny
A3aA 3 D f
+ K COS 0)iF — t
= A% Ny

“Mathematical derivation is shown in Appendix A3
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In a more compact form, the magnitude of the IMD signal may be re-written as:

Tl k= A t=3 k=)

RF A4 + +odflln + 233+ gn3A)

=fRL @)+ 1GBL] +3(n) (5.7)

where a = gHJEJZ,Jr A > p ='7?;,j3 + , 7 =grmx +Smza + + S.%a . The functions

NYADL (0 and V fH‘j denote the lower and upper IMD frequency components
respectively. The above expression indicates that by properly controlling both the
magnitude and polarity (GA, GB) of the injected signals, the artificial IMD component can

be made to cancel out the inherent IMD signal.

5.2.1 Single-injection scheme
From the implementation point of view, it is simpler to apply only one injection

signal (GA= GB = G). Furthermore, an IMD reduction factor may be defined as:

I ViMpilinearized)
Vimd {unlinearized)

_\2G{a + p?>{r)\ (5.8)
[1] V

Equation (5.8) indicates that the reduction factor may be reduced by controlling the
value of G properly. However, the nonlinear transconductances are not real number.

Generally, single variable G is not able to simultaneously cancel both real and imaginary
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part in the reduction factor. Equation (5.9) gives the optimum gain for partial cancellation
of IMD signal of the single injection approach. The unsuppressed IMD component can be

evaluated using equation (5.10).

3 Rely

> 1

(5.9)

2GIm(a +_ j3)+3Im(r) (5.10)

5.2.2 Dual-injection scheme
To have better performance on IMD suppression, two injection signals must be

employed. Subsequently, an IMD reduction factor may be expressed as:

R: b+ 3 [

Hence, by properly controlling both the magnitudes and polarities of GA and GB, it is
possible to entirely eliminate the IMD components. The operating condition can be

derived as follows:

2G,{a)+2GM-"3{r)=0 (5.12)
Where a =a’+ jb ] (5.13)

P = (5.14)

r = (5.15)

Since a, P and y are complex, equation (5.12) can be re-written as:
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+2G>2 +373 +2G,b,+3b,) =0 (5.16)

By equating the real and imaginary part of the above equation to zero, we obtain:
2G"™a,+2Gsa”"+3a,=0 (5.17)

2G"b,+2G,b,+3b,=0 (5.18)

Solving (5.17) and (5.18), we get:

A 5.19
2 fij*, - a2 ( )

(5.20)
20 0 2 J

5.2.3 Effect of gain error
In practice, uncertainties in gain adjustment always exist and its effect on the

suppression of IMD signal can be evaluated by:

12(G~,+AC?,)W +2(2¢P, + AG,m + 3(N)\ , (0

K 7 P.21)

where AGA and AGB are the corresponding gain errors. As a result, if we assume that

H [h e above expression can then be reduced to:
G# "By G
B= M, @ 26—(4)1 A ., AG (,j.ZDZ)”
o/ G G

o
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Note that equation (5.22) provides a worst-case estimate of the allowable IMD
reduction factor for a given value of gain error. For example, if there is 0.2 dB
uncertainties in gain coefficients, the minimum achievable reduction factor can be found

equal to approximately 30 dB.

5.2.4 Bandwidth limitation

In [44], it was shown that a power amplifier with memory effects exhibits third-order
IMD response with both amplitude and phase that depend on the input tone spacing (Aco).
Electrical memory effects are caused by circuit elements like capacitors and inductors
used in the biasing networks, which introduce undesirable phase-shift at the signal
modulation frequencies. Mathematically, the influence of memory effects on the IMD

suppression capability of the dual-injection scheme can be modeled as:

V_"| =ArfRL (5.23)
4;r

VIRl Y1 = VREX HTT (5.24)

where 9 and () represent the frequency-dependent phase-shift introduced by the biasing
circuitry. It is clear that complete cancellation of both the upper and lower IMD
components is impossible. It was also proven in [45] that significant reactive biasing
impedance at signal modulation frequencies can produce asymmetrical IMD spectrum in
amplifiers. For purposes of analysis, by applying the small angle approximation and the
optimum gain condition in (5.19) and (5.20), equations (5.23) and (5.24) can be

simplified as:
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N /Mul « ~rfRL (5.25)

It is also reasonable to assume that the amount of phase-shift introduced by the
biasing networks are similar (9=p=5), and subsequently the IMD reduction factor may be

re-stated as:

R= 570 (5.26)

And to account for the unsuppressed IMD signal due to the presence of gain error and

higher-order mixing products, equation (5.26) may be modified as:

L (5.27)
| /)7 {unlmeamzed)

where R\S) is the realizable IMD reduction factor with memory effects. Under the

worst-case consideration, the IMD components are added in-phase to give:
= + (5.28)

where R\O) is the attainable IMD reduction factor with no memory effects. Figure. 5.5
shows the predicted suppression degradation of the proposed method as a function of the

phase-shift introduced. In practice, electrical memory effects can be minimized by the

careful design of the biasing circuit impedance at the signal modulation frequencies.

»
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Figure 5.5 Degradation of IMD reduction factor versus low-frequency phase-shift
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CHAPTER 6

EKPEBIMENTSANDBESUITS

The experimental setups to measure performance of mixer and test the low-frequency
signal injection method are described in this chapter. The measurement results of the

CMOS doubly balanced dual-gate mixer and the linearization schemes are presented.

6.1 CMOS DOUBLY BALANCED DUAL-GATE MIXER

Figure 6.1 shows the microphotograph of the mixer fabricated using 0.35/im CMOS
process. The circuit had an active area of less than 300 x 250 In Figure 62 ’ the
mixer chip was mounted and wire-bonded onto a standard printed circuit board (FR4).
The RF, IF and LO signals were fed differentially from off-chip passive balun. The LO
and RF signals were obtained from HP 8648C signal generators and the output IF
spectrum was then observed on an HP 8546A EMI receiver. For the noise figure

measurement, HP 8970C noise figure meter with HP 346B noise source were used.

U T B 6t T
Bj A~ fgmjlAggop J

I "*"*"BB"MMHailSAS*" I

Figure 6.1 Microphotograph of CMOS mixer chip
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Figure 6.2 CMOS Mixer testing board

6.1.1 Conversion gain
The measurement setup for conversion gain determination is shown in Figure 6.3.
The mixer was properly biased and driven using optimum LO power. Conversion gain of

mixer was extracted from the measured RF input and IF output power level readings.

| Mixer testing board

| R I
HP 8646C 1 ~**  CMOS doubly balanced ~ * . HP 8546A
Signal Generator "orf oA dieuggiember N FHEIT M ( EMI Receiver
c Port — OB, | [F [ Port | v
o, | LO Lo . Of
Balun
Lo i
I Port |
8io
HP 8646C

Signal Generator

Figure 6.3 Experimental setup for conversion gain measurement
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The mixer operates at 2V supply voltage, LO frequency of IGHz and optimum LO
power of -5dBm. At RF frequency of 900 MHz, the mixer has conversion gain of
-6.43dB. Measured conversion gain for the range of RF frequencies from 850 to 950

MHz is given in Figure 6.4. The entire mixer and buffer combination consumes a total

current of 3.6mA

0 I 1 ¢ Y —f T 1 T
I ¢
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I -J L =1 1 J 1 L J-
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Figure 6.4 Conversion gain versus RF frequency

6.1.2 Port-to-port isolation

The experimental setups for measuring port-to-port isolation are illustrated in Figure
6.5 and 6.6. RF-to-IF and LO-to-IF isolation were found by measuring the power level of
RF and LO signal appearing at the IF port. For determining the LO-to-RF isolation, a
spectrum analyzer was connected to RF port to observe the LO leakage power. More than
35 dB of port-to-port isolation is found. At 900 MHz RF, The RF-IF and LO-IF isolation
are, respectively, 35 dB and 39 dB. Measured RF-IF and LO-IF isolation for the range of

RF frequencies from 850 to 950 MHz is given in Figure 6.7 (a). The LO-RF isolation is
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43 dB at 900 MHz LO. Measured LO-RF isolation is frequency range from 850 to 950

MHz is provided in Figure 6.7 (b).

Mixer testing board

‘ R+ P
HP 8646C J CMOS doubly balanced i HP 8546A
Signal Generator B —_duai-gateme _ 7 17! EMI Receiver
/[\ jPon Portl | t
I L+ LO. I Op,
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| Port I
| <
10
HP 8646C

Signal Generator

Figure 6.5 Experimental setup for LO-IF and RF-IF isolation measurement
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Figure 6.6 Experimental setup for LO-RF isolation measurement
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Figure 6.7 Port-to-port isolation versus frequency (a) RF-IF and LO-IF isolation (b) LO-RF isolation
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6.1.3 Noise figure

The experimental setup for noise figure measurement is depicted in Figure 68. The
LO signal was fixed and the output IF signal was monitored by a noise figure meter.
Finally, the input and output SNR were compared and the noise figure was calculated.
The mixer has a measured noise figure of about 16 dB at 900MHz RF frequency. Swept

measurement of noise figure versus RF frequency is shown in Figure 6.9.

HP346B L HP8970C
Noise Source Noise Figure Meter

1 Mixer testing board |

| R~ (I 1 I
| A CMOS doubly balanced Balun
Balun dual-gate mixer IF | .
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1 Balun 1
i@
"o
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Signal Generator

Figure 6.8 Experimental setup of noise figure measurement
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Figure 6.9 DSB noise figure versus RF frequency
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6.1.4 1-dB compression point
Figure 6.10 shows the experimental setup for obtaining the 1-dB compression point
of the mixer. The 1-dB compression point was extracted from the plot of IF output power
versus RF input power while the input RF power was varied from -40 dBm to 0 dBm,
and keeping the LO power fixed at -7 dBm (Figure 6.11). At 900MHz RF, the input

P1dB is -5 dBm from measurement.

| Mixer testing board |

| R (=%
HP 8646C I . ~ " CMOS doubly balanced ~ ' A HP 8546A
Signal Generator — dua'gete mker — EMI Receiver
| Port RF- | I IF- Port |
RF power is swept We  ( I0-
from -40dBm to OdBm [ H n ‘
I lﬁfm
! Balun | z
| 10 I V4 ¢
¥ APort » —Z F llt
0
HP 8646C

Signal Generator

Figure 6.10 Experimental setup of 1-dB compression point measurement
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Figure 6.11 IF output power versus RF input
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6.1.5 yd -order intercept point

The experimental setup for determining the  order intercept point is given in Figure
6.12. Two-tone test signal was obtained by using two HP 8648C signal generators. These
signals were combined using a power-combiner and fed to the RF input of the mixer. The
3rd order intercept point was found by extrapolation from the plot of he measured IMD
level (IF) with RF input power varying form -35dBm to 0 dBm (Figure 6.13). At

900 MHz RF, the IIP3 is approximately 53 dBm by measurement.
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I I
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Signal Generator
Figure 6.12 Experimental setup of 3* order intercept point measurement
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Figure 6.13 Mixer's non-linear behaviors
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6.2 LOW-FREQUENCY SIGNAL INJECTION METHOD

Figure 6.14 and 6.15 show the experimental setup for both single and dual low-
frequency signal injection schemes. Two-tone measurement was conducted using signals
centered at 900 MHz with a frequency spacing of 100 kHz. The two-tone signal was fed
to a coupler and a portion of the signal was fed to FET circuitry for the generation of the
low-frequency signal. The low-frequency signal level was then amplified by baseband
amplifiers before feeding to the mixer through the drain biasing network. The IF output

was monitored using a spectrum analyzer.

A Nonlinear FET
device

A”
7

HP 8646C I 1
Signal Generator [_r"‘ "*100
Power o Mixer testing i 8546A
Combiner ~ " noupief board - j p ” EMI Receiver
I (( (13 K‘ p/\ 2 —~
HPS646C JLIL o = « .« Ant
Signal Generator " " " . f [

AR @ P}Pm@ | T fR

Signal Generator

Figure 6.14 Experimental setup of low-frequency signal injection - single injection scheme
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Figure 6.15 Experimental setup of low-frequency signal injection - dual injection scheme

6.2.1 Measurement result: single-injection scheme
The single injection scheme was optimized at RF input power level of —17dBm. The
output spectrums are shown in Figure 6.16. When the amplitude of the injected signal

was properly adjusted, about 15 dB IMD reduction was achieved.
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Figure 6.16 Mixer output spectrums before and after linearized
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Figure 6.17 shows the measured IMD3 performance of the mixer, as the RF input
power level was varied from -35 dBm to -5 dBm. More than 15dB reduction in third-
order IMD level was observed over the entire power range. At certain power level, almost
20 dB of IMD reduction was achieved. Figure 6.18 shows an ACPR reduction factor of

15 dB and 10 dB, respectively, for PHS and CDMA2000 signal formats.
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Figure 6.17 Mixer IMD3 performance before and after linearized

j.mi— 1— Tt-- - — =301 1 i i i 1= «-T—e+—p-—
N . .
— I ]['JN Ami- - s - "4—}—.‘{“ .‘I“‘.
& - L -L-fl1 L - F--L .. 1 $9H -"L--L L. -=--1--  =J- 1-_1
= P | I Tt RS R B

[T rinfroril™ H-r-jJj-:-"-+IH;"
i M JTrryis

99.5 99.6 99.7 %%.8 99.9 100 100./1 100.2 100.3 100.4 100.5 '97.|5‘
utput Spectrum / MHz

A= 1 - .
QSJ 98.5 69 99.5 100 1005 101 1015 102 1025
utput Spectru

@ (o),

Figure 6.18 Vector-modulated signal test (a) PHS (b) CDMA2000
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6.2.2 Measurement result: dual-injection scheme
The dual injection scheme was optimized at RF input power level of-15dBm. The
output spectrums are shown in Figure 6.19. When the amplitudes of the injected signals

were properly adjusted, about 38 dB IMD reduction was achieved,
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Figure 6.19 Mixer output spectrums before and after linearized

Figure 6.20 shows the measured mixer's IMD3 performance as the RF input power
level varies from -35dBm to -5dBm. More than 30dB reduction in third-order IMD level
was observed over a wide input power range. At certain power level, almost 40 dB IMD
reduction factor was found. To observe the suppression capability of the proposed
method under broadband operation, the reduction factor of IMD3 as a function of the
tone-spacing is measured and plotted in Figure 6.21. The diagram indicates that an
effective bandwidth of about 500 kHz was observed for a IMD reduction factor of 25dB.

Figure 6.22 shows an ACPR reduction factor of 20 dB and 15 dB, respectively, for PHS

and CDMA2000 signal format.
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Figure 6.22 Vector-modulated signal test (a) PHS (b) CDMA2000
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CHAPTER 7

CONCIUSIONSAND
RECOMVENDATIONS FOB AMTBEBAVOBK

7.1 CONCLUSIONS

In this thesis, the design and implementation of CMOS doubly balanced dual-gate
mixer has been described. A mixer design example using 0.35 \im technology is
presented. The mixer operates at an RF frequency of 900MHz with LO of IGHz. The
realized mixer exhibits a flat conversion gain over a wide frequency range and over
30 dB of port-to-port isolation. The mixer with buffer stages consumes a total current of

3.6 mA.

Generalized "low-frequency signal injection method" has been proposed to improve
the linearity of doubly balanced dual-gate mixers. For simple implementation, single-
injection scheme can be applied with only partial cancellation of IMD. For ultimate

cancellation of IMD, dual-injection scheme is preferred.

Experimentally, single-injection scheme can reduce the IMD3 level by around 15 dB.
For vector modulated signal such as CDMA2000, ACPR is improved by only 10dB. On
the other hand, dual-injection scheme offers IMD3 reduction factor of almost 40 dB.
Similarly, for CDMA2000 testing signal, ACPR has been improved by approximately
15 dB. The achievable IMD reduction factor of both schemes is basically limited by the

presence of gain error in the baseband amplifiers. Moreover, the operating bandwidth of
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the proposed method is mainly governed by the phase shift introduced by the low-
frequency circuitry (memory effect). To summarize, the proposed linearization method

has the following advantages:

* Simple circuitry.
* Suitable for monolithic integration.
* Minimal RF components.

* High IMD suppression ratio.

7.2 RECOMMENDATIONS FOR FUTURE WORK

Variation of environmental factor like temperature change may affect the operating
conditions of the proposed method for optimum IMD suppression. For future work, the
system may be improved by adding adaptive circuitry to compensate for such parameter

shift.

Another major problem associated with RF transceiver design is generation of
intermodulation distortion by the transmitter parts including power amplifier and up-
conversion mixer. A potential application of the proposed techniques is to linearize the
PA, up-conversion mixer and modulator altogether using a single circuitry implemented

in CMOS technology.
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APPENDIX

Al CMOS TECHNOLOGY

MOSFET is the basic building block of very large-scale integrated (VLSI) circuits,
which basically consists of both NMOS and PMOS devices. Nowadays, CMOS
particularly sub-micron technology, plays an important role in digital, mixed-signal, as

well as RF circuit design for wireless communication systems

Al.l MOSFET structure

MOSFET is a four-terminal device (Illustrated in Figure A.l1). The four terminals are:
the silicon substrate (bulk)(B), the gate (G), the source (S) > and the drain (D). When the
bulk and the source are connected together, a voltage difference may appear between the

bulk and the source to produce the "body effect". This effect may influence the normal

operation of MOSFET.

Figure A.l (a) illustrates a N-channel MOSFET (NMOS). NMOS uses P-type
substrate and N+ source and drain. Positive gate voltage is needed to create a surface
channel of N-type carrier (electron) for conduction between the source and the drain.
Similarly, PMOS using N-type substrate, P+ source and drain. Electrical conduction is
provided by P-type carrier (hole) which implies that a negative gate voltage is required

for normal operation.
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Figure A.1 Cross section view of MOSFET (a) NMOS (b) PMOS

A1.2 CMOS n-well process

Fabrication of CMOS integrated circuits is mostly based on n-well process [51].
Figures A.2-A.7 show the generalized fabrication sequence. It starts with a moderately
doped p-type silicon substrate. Then, an initial oxide layer is grown on the entire surface.

The n-well region is defined by the lithographic mask. Donor atoms (phosphorus) are

implanted through this window in the oxide.
After the n-well region is formed, a thick field oxide is grown in the areas

surrounding the transistors [] actimagions, and a thin gate oxide is grown on top of the

active regions (Figure A.2). The thickness and quality of the gate oxide are two of the
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most critical fabrication parameters since they strongly affect the

characteristics of the MOS transistor.

._>/

n-well (n)

Silicon Substrate (p)

Figure A.2 Fabrication step 1

operational

>

The polysilicon layer is deposited using chemical vapor deposition (CVD) and

patterned by dry (plasma) etching (Figure A.3). Polysilicon lines will function as the gate

electrodes of the NMOS and PMOS. Also, the polysilicon gates act as self-aligned masks

for the source and drain implantations that follow this step.

/ ¥silln

W

n-well (n)

Silicon Substrate (p)

Figure A.3 Fabrication step 2

Using a set of two lithographic masks, n+ and p+ regions are implanted into the

substrate and into the n-well, respectively. Also, the ohmic contacts to the substrate and

to the n-well are implanted in this process step (Figure A.4).
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Figure A.4 Fabrication step 3

An insulating silicon dioxide layer is deposited over the entire wafer using CVD.
Then, the contacts are defined and etched away to expose the silicon or polysilicon
contact windows (Figure A.5). These contact windows are necessary to complete the

circuit interconnections using the metal layer, which is formed in the next step.

[] r C - M1 r A
1 — — x N
- (n+) (P+) (P+) (nt) " p
\ K / \ / \ / A% A
A n-well m) X

Silicon Substrate (p)

Figure A.5 Fabrication step 4

Metal (aluminum) is deposited over the entire chip surface using metal evaporation,
and the metal lines are patterned through etching. Since the wafer surface is non-planar,

the quality and the integrity of the metal lines created in this step are very critical and are

ultimately essential for circuit reliability.
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Figure A.6 Fabrication step 5

Figure A6 shows the cross-section view of one NMOS and PMOS transistor, the
polysilicon gate and metal interconnections. The final step is to deposit the passivation

layer (for protection) over the chip, except over wire-bonding pad areas.

A1.3 MOSFET device modeling
The operation mode of MOSFET is classified as: cutoff region, linear region and
saturation region. Channel charge density depends on the gate oxide capacitance and

channel potential. For NMOS, the channel charge density has the following form,

a U= - | (1) J-r] (A1)

where Qrfy) is the charge density at position y, Cox is gate oxide capacitance per unit area
and V(y) is the channel potential at position y. When positive gate potential is not large
enough for creating surface conduction channel {Q,{y) =0), the NMOS is in "OFF"

state (cutoff). The channel current (1 Oﬁ can be written as:
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(A.2)

for r’

The linear region of operation is defined as one in which Vgs is large enough to
guarantee the formation of an inversion layer over the whole distance from source to

drain (Figure A.7). The channel current is now given by:

io=-"QAy>(y) (A.3)

where W is the width of the device, v(y) is electron velocity at positive y. For long-
channel approximation, the electron velocity is simply the product of electron mobility

(jUn) and electric field (E), which gives,

Vgs'V,
Vs=0 0<Vds<Vgs-Vt
o] 9
Gate
N NN NN OX de I
“Source [ sii_i__iyl:fiJilS®IHI" Drain
I p) % A L (w
A Y Channel A J
y=0 Bulk (p) y=L  Depletion region
Figure A.7 Linear region operation of NMOS
n = - # «x=Vy -V, (A.4)

dv

=-WCh - Viy) - K

Subsequently, we have,
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A A
Pefy =1L = (A.5)
0

Solving the above equation, the channel current (linear region) is simply equal to,

L [] (A6

When Vds is further increased until reaches certain value, the inversion layer will not
extend all the way from source to drain. The channel is said to be "pinched-off (Figure
A.8). In this case, the MOSFET is in saturation region. The boundary between linear

region and saturation region is defined by equation (A.7).

Vs=0 [ Vds ~sat
0 Q
Gate
i'o
B Oxde |
Source n Drain
t (n+) Pingvoff (n+) J
~ /I\ J
y=0 Bulk (p) y=L  Depletion region

Figure A.8 Saturation region operation of NMOS

0.(L) =0 (A7)

As aresult, we have:

(A.8)

And, in saturation region, the current is defined as:

76



ew”s- Appendix

»
(A.9)
tor ] PHeemal R X o
'D [
[] ¢ i \%
Linear region X ) Saturation region &
o 1 v,3
Figure A.9 Current voltage characteristics of NMOS
Similarly, channel current for PMOS in different operations are defined as follows:
Cutoffregion : =0
(A.10)
o] fF
Linear region : U = MpC@ , K
L [ (A
for)_‘fﬂa"fbandl/pr}—F ;
Saturation region : 1 ] = -
2 L ¢ (A.12)
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A1.4 Channel length modulation

When channel is pinch-off, the channel length becomes shorten. This effect can be
ignored in long-channel device. However, the effective channel length become significant
in short-channel device. The effect is accounted by channel length modulation ( A)The

saturation currents given in (A.9) and (A. 12) can now be written as:

NMOS (1, B o+ T ) (@NE)

+ (A.14)

A1.5 Body effect

There are some CMOS applications where the bulk and source terminals are at
different protentials. For NMOS, when Vbs is positive, it opens a current path between the
bulk and source. In the case of negative Vbs, the reverse bias of the bulk-to-source PN
junction increases the threshold voltage of the NMOS (body effect). The threshold
voltage Vt is now a function of Vsb and the channel current expressions have to be

modified as follows:

NMOS linear region : {U\ { v ~ ~ ( A . 1 5 )

NMOS saturation region : = -V, (V)" (A. 16)
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PMOS linear region : = E\\//(_' v (] Fxkikn) (A.17)
PMOS saturation region : 1 L1 ArrcC o i) (A.18)
A ol

A2 MIXER'S NONLINEARITY ANALYSIS

In this section, the mixer is assumed to operate in weakly nonlinear region and in the
presence of two-tone input signal. Due to the phase and amplitude imbalance of signals at

the LO and RF inputs of the doubly balanced mixer, the mixing output can be expressed

by,

Vin (0= - Z(e & ~ w + (0 + EkviHs
x< — -cos(3q)"00 =+ #%£C0S(56?@2)0 +....> (A.19)
O -
where g’k = + (0+g %& (0 (A.20)

A2.1 First-order effect

The output signal produced by the first-order nonlinear coefficient is given by,

24
(0 =-Y"SmURF'L M ~ W ) + COS(6W).

X' cos(co™oO - "/\cos(3in+0 + (A.21)
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Consider the mixing operation produced by the LO fundamental frequency, the down-

converted components (IF) is simple reduced to:

= cos((6V + (A.22)
N ke L 2

A2.2 Second-order effect

The output signal produced by the second-order nonlinear coefficient is found as,

2 4

1L [COS(eW) - COS(6W)I

o

74200 =

xjcosOloO - + (B)/) 4. VACRE)

Consider the mixing operation produced by the LO fundamental frequency, the output

components are therefore equal to:

+ - {cof\p, +

Vuria(0 = 7Zgm2’k*RE2 Y, + FEcos(Ko - 1RF\)0 (A.24)
T HE 2

+ —OS((Ay<% _‘)

— ] .

Clearly, these frequency components are far away from coF and may be ignored in the

analysis.
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A2.3 Third-order effect

The output signal produced by the third-order nonlinear coefficient is given by,

2 4 3
J (A.25)
X' cosOloO - + -cos(5tyioO + —*

Consider the mixing operation produced by the LO fundamental frequency, the output

components can be expressed by:

Z0%iCOIp) + 1+ X - COjFDY)
14 + L + 2 Cos(2fivi + CDifi )0 +
| %:COS((26V2+®:'M )Oj‘7005((2dy,F2_‘ )0

+ ;‘ cos(3co,p.t) I - + ]

cos{cOip2t) + %cosO, ):l 10 + ;E‘ cos((>y,Fi - 2672 X)

4 +- COS(6VI0 + F= cos(@v | +2672)0+
1 D 2 2
T “1 +-cos((2fiVi- )t ) +--0) ! fi)0
4 4
+- COS{3(0jp.2t) +\ COS(6V20
4 4 J
°9 9
-COS{COJp™) + - cosicOjO
4 4
0 3
, +- cos((26vi —IFI )o + 7 cos((26v2 — > )
1 3d 4
= —7Z~Sm3,k"RF "L n 3
. +-COS((27iVi + COIFI0 + 7cos((2cy,F2 + ~in)0
4 4
L 4 4 J
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'9 v Aty. 1o vy Acy..
4 2 4 2
Aty []3  « -
n 3 - -S“f})lo +- cos{{o)j,+ - - )
—ZL NVER! ‘ 3 (A26)
T« +-cos(2fiVi + )y +-cos((2iy+ /)0
4 4

+ -4 cos(36y,n0 + £ cos(3dy,F20

A2.4 Nonlinear IF spectrum
From equations (A.22) and (A.26), the frequency components appearing at the IF

output are found as:

A s L . =
[] 9« aryldo ), ISxO\\
1+ 4 2 4 I
o 1 + £ — " " _ ) 0 +-cos((6V + — )0
4 2 4 1

1 4 | JH txo 1 (A.27)

il J ] LR T cos(xJF-T)o +cos((6V  +—)p)

ﬁk:i L z z ]
x 4 0 3A6y [ ’ 3Aa) [l
4;rS L 2 2 [l
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A3 ARTIFICIAL IMD3 PRODUCED BY
LOW-FREQUENCY SIGNAL INJECTION

Refer to the diagram shown in Figure 5.4, as the low-frequency signal is injected into

the doubly balanced mixer via the drain circuitry, modulation of the device's
transconductance occurs and it can be modeled as:
(mod—a) = grn[t]k+ jj \HjQ cos(A%y 1)) (A.28)
where k = 1,2
b, (modb) = g,”, (1 + G, V,/ cos(Acot) ) (A.29)
where k = 3,4
Subsequently, the output signal becomes:
= xjcosKoO - ]-cos(30),0t) + % cos(5fi)[ /).
A kg I 3 J
+J_tgm“mod_Z?)i?i xjcosKoO — +_L,I:c0s(5fyt)J/)+....\
A3 I 3 A J
= x| cosKoO - \cos{3a),ot) + %oos(SﬁW)#...[
A I J J
+ I xjcosKoO 4 Jo o+ 4 cos(5yioO+ (A.30)

+ lirgm’*(GAIV2c0sA*YOA xjcosKoO — Z5 (38500 + - cos(56yio0 +* *, 2
A %3 I 3 )

Clearly, new signal components will be produced by the injected low-frequency

signals. Consider the mixing operation associates with the first-order nonlinearity

coefficient, the new down-converted signal VM _iia(t) is simply given by:
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J_A,,W(O— J_ cos ((fiv _‘$+ cosiAcot)

5 []
+J_ cos(((y, F % 9 +cos((£w+a:2y) cos{AcD)

A H +cos(Kf + ) + COS(KF + ,
v 34co.| ] ” Aft?.,
_Aﬁi/\%%lkGa vy O _"Aﬁ )ﬁ o "’_)/ .
_ I A
= gljcﬂgcosiio),, -+ cosiicoj, +
+ C 0 S (([Hk
3 I'm L 17 (A3D)
LIl L 2 A
271 =3 L 2 z

As aresult, artificial IMD3 is produced at the IF output which may be shown as:

4 [ 3a— (A.32)
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