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Abstract : A 119G Hz dow n2conversion CMOS mixer wit h a novel f olded Gilbert cell ,intended f or use in GSM1900
( PCS1900) low2I F receivers ,is f abricated in a R F 0118μm CMOS p rocess . The p rot otype demonst rates good per2
f ormance at an intermediate f requency of 100k Hz. It achieves a conversion gain of 6dB , SSB noise f igure of

1815dB (1M Hz I F) , and IIP3 1115dB m w hile consuming a 7mA current f rom a 313V p ower supply.
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1　Introduction

Current interest and demand for portable
wireless communication services have increased the
emp hasis on t he develop ment of low2power , low2
cost radio2f requency communication integrated cir2
cuit s ( RFIC) . Mixer is one of the mo st important
modules for RF t ransceivers. This paper p resent s
t he design and implementation of a CMOS high
f requency down2conversion mixer ,shown in Fig. 1 ,
suitable for a single2chip receiver . The receiver to2
pology proposed here is designed to meet the per2
sonal communications standard ( PCS1900) . A low2
IF architect ure is adopted in t he receiver for PCS’s
relaxed adjacent channel rejection. This architec2
t ure can also lower the power of 1/ f noise by
417dB[ 1 ] .

Fig. 1　GSM1900 low2IF receiver architecture

Several mixer topologies were recently repor2
ted in Ref s. [ 2 ,3 ] . The mixer p roposed in Ref . [ 2 ]
employs a source2follow t rans2conductance stage to
improve linearity performance ; however , it p ro2

duces no gain. Reference [ 3 ] employs a t raditional
Gilbert cell st ructure ,but it demonst rates poor lin2
earity performance. The mixer p roposed here is
based on a novel folded Gilbert cell topology ,which
is shown in Fig. 3. This mixer topology is similar to
t he classical Gilbert cell based mixer ( Fig. 2) . Bot h
mixers use a balanced t rans2conductance stage and
four switching t ransistors. One of t he main advan2
tages of t he p ropo sed topology is it s use of tank

Fig. 2　Topology of the t raditional Gilbert cell of a mix2
er

circuit s to fold t he RF signal to t he switching
pairs , t hus retaining the same advantages as t he
Gilbert cell based mixer . Wit h t his folded topolo2
gy ,we can set t he bias current of t he t rans2con2
ductance stage and t he commutate stage independ2
ently ,and the noise and linearity performances can
t hen be optimized independently. In addition , t he
folded st ructure and t he L C tank used here make



半　导　体　学　报 第 27卷

t his topology suitable for low2voltage circuit de2
sign ,and t he pMOSFET commutate stage gener2
ates less 1/ f noise ,which sometimes dominates the
noise performance of mixers in low2IF systems[4 ] .

2　Design of the mixer

2. 1　Principles and design considerations

A schematic of t he p roposed mixer is shown in
Figs. 3 and 4. It includes a mixer core ,an LO buff2
er ,and bias circuit s. For t he mixer core design ,M3
～M6 pMOS cross2coupling cells are used for the
mixer current commutation stage and M1 , M2
nMOS pairs for t he t rans2conductance stage. The
RF inp ut signal is injected t hrough t he nMOS pair
into nodes X and Y , and t he pMOS commutation
pairs modulate the inp ut signal according to t he si2
nusoidal LO signal to p roduce a down2converted IF
outp ut signal t hrough two off2chip resistor loads ,
facilitating circuit testing. Two inductors , L d1 and
L d2 ,co2operate wit h C1 and C2 (including t he para2
sitic capacitances) at point s X and Y ,which ensure
resonance at the cent ral f requency of t he inp ut sig2
nal . The L C tank is used in t he circuit design for
narrow2band , low voltage , and low power p urpo2
ses[5 ] . L s1 and L s2 are two inductors used as induc2
tive degenerators t hat are similarly used in the
L NA inp ut stage. These inductors

are good for bot h t he conjugate matching of t he
mixer inp ut and good linearity performance[5 ] . The
capacitance Cc is used to prevent an LO signal and
it s harmonic p roduct s f rom t he LO port feed2
t hrough to t he RF/ IF port s. Therefore ,it help s not
only t he isolation between t he LO and IF port s ,but
also the circuit performance af ter t he mixer .

Fig. 3　Proposed mixer core circuit with folded topolo2
gy

A differential2in , differential2out common
source amplifier topology LO buffer is employed in
t he design ,as shown in Fig. 4. Mb1 and Mb2 com2
pose t he major amplifier stage. The source current
Ibias1 , toget her with Mb3 and Mb4 , p rovides t he
current bias. RL and CL , configured as a low pass
filter , are used to suppress high f requency noise
f rom t he bias circuit s.

Fig. 4　LO buffer and bias circuit s

　　The sizes of Mb1 ,Mb2 , Rb1 ,and Rb2 should be
optimized for a large outp ut signal swing. The LO
signal should be large enough to ensure t hat the ze2
ro crossing slope of t he sinusoidal LO signal is

sharp enough to achieve t he best noise and linearity
performance. In particular ,t he LO buffer should be
designed wit h high linearity and good noise per2
formance to minimize it s noise and nonlinearity
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cont ributions to t he core circuit . The bias circuit s
for bot h t he LO buffer and mixer core are also
shown in Fig. 4.

2. 2　Noise and linearity analysis

2. 2. 1　Noise analysis
Mixers are significant noise cont ributors in

mo st communication systems because t hey can
mask a weak desired signal , and mixing f unctions
are inherently noisy. However ,it is difficult to cal2
culate t he noise p rofile of a mixer due to the cyclo2
stationary nat ure of the noise sources. For a low IF
mixer ,t he dominant noise cont ribution comes f rom
low f requency noise ( nearly 90 % according to our
simulations) ,so we focus our flicker noise analysis
here.

The low frequency noise , including flicker
noise ,is up2converted toω0 and it s harmonics in the
t rans2conductance stage. This means the t rans2con2
ductance MOSFETs only cont ribute white noise af2
ter f requency t ranslation since t he 1/ f corner is u2
sually far beyond t he LO f requency. A small a2
mount of flicker noise in t he t rans2conductance
MOSFETs appears at t he loads due to t he mis2
match in the switching pairs. However , t he flicker
noise in t he switching pairs is a major concern for a
mixer in zero2IF and low2IF systems. Sometimes it
even dominates the noise performance of a mixer if
t he IF f requency is around or below t he 1/ f noise
corner . The flicker noise can be referred as a volt2
age source at t he gate of t he switching t ransistors
with a constant RMS value V n

[4 ] ,

V2
n = 2 × Kf

Weff L eff Cox f
(1)

where Kf and Cox are the technology constant s.
This voltage is just like a slowly varying off set
voltage associated wit h switching pairs. This off set
voltage advances or retards t he time of zero2cross2
ingΔ t = V n ( t ) / S , where S is t he slope of t he LO
voltage at t he switching time[7 ,8 ] . The outp ut flick2
er noise can be modeled simply as

io , n ( f ) =
4 I
ST
×V n ( f ) =

1
π ×

Iss

A
×V n ( f ) (2)

where Iss is t he total bias current of t he switching
pairs ,S is t he zero2crossing slope of t he LO ,and T

and A are t he period and the amplit ude of t he LO
signal . It is known that mixers suffer a large flicker
noise wit h a high bias current in the switching
pairs. Thus ,in order to get a small noise figure ,t he

current of t he commutation stage in t his folded
mixer can be set relatively small ;however ,t his can2
not be realized in a t raditional Gilbert mixer .
2. 2. 2　Linearity analysis

The linearity performance requirement is criti2
cal in modern RF communication systems. Espe2
cially for cell p hone applications ,a highly linear re2
ceiver is required for immunity to various interfer2
ence signals. The linearity of t he mixer is more im2
portant since t he inp ut signal of t he mixer is an
amplified signal f rom the L NA ,and it significantly
affect s the dynamic range ( DR) of the receiver .
The linearity performance of t he CMOS trans2con2
ductance stage is of major concern in the design of
a mixer [5 ] . The most effective way to improve t he
non2linearity effect s is to add a negative feedback in
t he circuit . An inductance feedback is used in t he
mixer design. This is because t he inductive degen2
eration int roduces less thermal noise while consu2
ming almost no DC headroom. Second , t he induc2
tive impedance increases wit h t he f requency , in2
creasing t he AC feedback and rest raining high f re2
quency harmonics. Third ,it is also beneficial for in2
p ut impendence matching as is of ten done in the in2
p ut impedance matching of an L NA.

Many met hods for analyzing t he linearity of a
mixer were p roposed in Ref s. [ 10 , 11 ] . Figure 5
shows t he spice2model of t he t rans2conductance
MOSFET. Zg is t he impendence at t he gate of the

Fig. 5 　Nonlinearity model of the t rans2conductance

MOSFET

inp ut t ransistor , which includes t he bias shunt re2
sistance. Zs is t he impendence at t he t ransistor
source , including t he parasitic source resistor rs .
The dominant non2linearity component s of t he in2
p ut t rans2conductance stage are gm , Cgs , and Cgd .
The Cgd effect should not be neglected ,alt hough it
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is relatively small compared to Cgs in t he saturate
region. Cgd is equivalent to a capacitance parallel to
Cgs according to Miller effect s. Here a simplified
IIP3 of the Gilbert cell mixer used in many re2
port s[11 ,12 ] is employed. The linearity of t he p ro2
posed mixer has t he same characteristics as a Gil2
bert cell mixer when neglecting t he non2linearity
effect s of the switching pairs and t he load of the
t rans2conductance stage.

The small signal I2V relationship can be ex2
pressed in a Taylor series ,which is usually used for
weakly nonlinear behavior analysis :

Io = f - 1 ( V in ) = c1 V in + c2 V in + c3 V in + ⋯
(3)

I I P3 = dB20
4 c1

3 c3
= dB20

16 Iss

3 k
(4)

Here Iss is t he total state current of t he t rans2con2
ductance pair ,and k is t he parameter of M1 and M2
in Fig. 2. It can be seen t hat the linearity perform2
ance can be improved by increasing t he bias current
of t he t rans2conductance t ransistors. More detailed
analysis of t he linearity can be found in Ref s. [ 6 ,
13 ] .

2. 3　Design trade2off and optimization

According to the above analysis , t here are
many design t rade2off s among power , linearity ,
gain ,and noise. In a t raditional Gilbert cell mixer ,
t he linearity performance is determined by the
t rans2conductance stage ,and the noise performance
is of ten dominated by t he switching pairs ,especial2
ly for a mixer in low2IF receivers. As described in
Eq. (4) ,a higher bias current in the t rans2conduct2
ance stage Iss is required to achieve bet ter linearity
performance. From Eq. ( 2 ) however , a higher
switching bias current induces a higher noise out2
p ut due to t he switching pairs while simultaneously
p roducing a higher switching pair nonlinearity.
Consequently , t he linearity and noise performance
conflict in t he design of a Gilbert cell based mixer .
The folded st ruct ure ( Fig. 3) p roposed in t his pa2
per , however , overcomes t his design conflict . The
bias current of the t rans2conductance stage and the
switching stage can be set independently : t he bias
current of t he t rans2conductance stage can be set
large enough to meet t he requirement of gain and
linearity , while the bias current of the switching
stage can be set relatively small to reduce t he flick2

er noise and non2linearity in t he switching pair .

3　Implementation and measurements

The GSM1900 Receiver was fabricated wit h
SMIC 0118μm CMOS RF technology. The die mi2
crograp h of t he mixer is shown in Fig. 6. The active
area of t he mixer wit h LO buffer is 018mm ×
017mm. The testing inst rument s include a spec2
t rum analyzer E4440A , vector network analyzer
E5071B , RF signal generator E4438C , and noise
source E346C f rom Agilent TechnologiesTM . The
measured performance of t he mixer is summarized
in Table 1. Figure 7 shows t he measured outp ut
spect rum of the mixer . Considering t he losses of
t he microwave connector and t he single to differen2
tial balun , the conversion gain of t he mixer at
100k Hz IF is about 6dB. In order to evaluate t he
linearity of the mixer ,a two2tone inter2modulation
measurement was carried out with tone f requencies
at 1900 and 190012M Hz. Figure 8 shows t he IIP3

result s. Due to equip ment limitations , t he SSB
noise figure of t he mixer could only be measured to
be 1815dB at a 1M Hz (instead of 100k Hz) IF out2
p ut .

Table 1　Measured mixer performance

Mixer Parameter

Supply voltage 3. 3V

Current dissipation 7mA

RF frequency 1900M Hz

LO frequency(4dBm) 1900. 1M Hz

SSB (noise figure) 18. 5dB

Power conversion gain 6dB

Input IP3 11. 5dBm

Input 1dB compression level 1. 5dBm

LO2RF feed2t hrough - 53dB

LO2IF feed2t hrough - 48dB

Fig. 6　Micrograph of the mixer die
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Fig. 7 　Measured mixer output spect rum 　RF input

power is - 20dBm/ 1900M Hz and LO power is 4dBm/

190011M Hz.

Fig. 8　Extrapolation of the mixer IP3

4　Conclusion

A 119 GHz down2conversion CMOS mixer
with t he utilization of a novel folded Gilbert cell
fabricated in a RF 0118μm CMOS p rocess has been
described. The mixer module , including a mixer
core and LO buffer , achieves good performance.
The measurement s show t hat t he performance of
t his mixer meet s t he requirement s of the low2IF
GSM1900 receiver system.
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一种新型的基于 GSM1900标准的 119 GHz CMOS混频器
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摘要 : 介绍了一种 0118μm CMOS工艺基于 GSM1900 ( PCS1900)标准低中频接收机中的混频器.该混频器采用了
一种新型的折叠式吉尔伯特单元结构.在 313V 电源电压、中频频率为 100k Hz 的情况下 ,该混频器达到了 6dB 的
转换增益 ,1815dB 的噪声系数 (1M Hz中频)和 1115dB m II P3 的高线性度 ,同时仅消耗 7mA 电流.
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EEACC : 1250

中图分类号 : TN432　　　文献标识码 : A 　　　文章编号 : 025324177 (2006) 0320467206

­通信作者. Email :f qchu @f udan . edu. cn

　2005207228收到 ,2005212205定稿 ν 2006 中国电子学会

274


