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Abstract: Based on the analyses of the reported Gilbert mixers operating at low supply voltage, a dow n-conversion

mixer and an up-conversion mixer for 2. 4GHz bluetooth transceiver are presented with the modified low voltage

design techniques, respectively. Feedback and current mirror techniques suitable for low voltage operation are used

to improve the linearity of the up-conversion mixer, and folded-cascode output stage is adopted to optimize the

noise and conversion gain of the dow n—conversion mixer operating at low voltage. Based on 0. 35um CMOS technol-

ogy, simulations are performed with 2V supply voltage. The results show that 20dBm third-order intercept point

(1IP3),87mV output signal amplitude are achieved for up-conversion mixer with about 3mA current: while 20dB

conversion gain (CG), 6.5nV,/ 'Hz input—referred noise, 4. 4dBm IIP3 are obtained for down-conversion mixer

with about 3.5mA current.
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1 Introduction

With the development of wireless communica—
tion systems, there is a persistent demand for
light, inexpensive, low power, and hand-held termi-
nals. This excited rapid evolution of highly inte-
grated radio frequency ( RF) transceiver within
CMOS technologies. Being contemporaneous with
this evolution is the reduction in supply voltage
standards for integrated circuits. Low power and
low supply voltage are key issues involved in de-
signing the CMOS RF circuits, and low voltage de—
sign idea has been proposed for the RF circuit'".

Mixer is an essential part of wireless commu-
nication systems, which performs frequency trans-—

lation by multiplying two signals. We introduce the
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basic design requirements for CM OS mixer used in
2.4GHz bluetooth transceiver. The limitations of
reported Gilbert mixer at low supply voltage are
analyzed, the modified up-conversion and down-
conversion mixers capable to operate with low sup-
ply voltage are presented, respectively. Simulations
are performed using Chart 0. 35um CM OS technol-

ogy under 2V supply voliage.

2 CMOS mixer design requirements

Figure 1 shows the typical block diagram of
bluetooth transceiver' ™", which is suitable for low
power and high integrity design. Down-conversion
mixer emploved in the receiver path translates in—
put 2. 4GHz RF signal to 2M Hz intermediate fre-

quency (IF) signal. Due to the interferers existing
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Fig. 1

in RF noisy environment in which several powerful
radio signals (e. g.. GSM or CDMA signals) are
present in the proximity of the bluetooth radio, the
receiver mixer must be designed to satisfy certain
noise and linearity requirements set by the stan-
dard so as to detect correctly the desired signal. In

the design, the required input-referred noise volt-

age must be lower than 8nV/ Hz and the TIPs at
least 2dBm with a differential local oscillator (LO)
signal amplitude Vio of 300mV. In addition, to re-
duce the noise contribution from the IF stages fol-
lowed by the mixer, its conversion gain should be
as high as possible, e. g. > 15dB. On the transmit
side, mixer upconverts the input 2M Hz IF signal to
the 2. 4GHz RF signal. Unlike in the receiver path,
the input IF signal is generated in the transmitter
and the signal level is well controlled. So, the goal
in the up-conversion mixer design is to realize large
output signal amplitude rather than high conver—
sion gain and low noise. In addition, since third-or—
der nonlinearity in the mixer will produce out-of—
channel leakage and generate interference in adja-
cent channels, low distortion is also desired. In this
design, the required IIPs of the mixer is at least
18dBm, and if the voltage gain of 20dB is assumed
in power amplifier ( PA), the output signal ampli-
tude of the mixer should be higher than 50mV,
while a 0.4V differential IF signal and a 0.3V dif-
ferential LO signal amplitude are used. Besides per—
formances required above, high portto-port isola—
tion levels are desired for down-conversion mixer
and up-conversion mixer' "

Although many mixer structures exist and

some new ones have recently been proposed'”, the
only configuration that fulfills most of the require—
ments at 2. 4GHz is the wellknown Gilbert mix-
er'™™. Traditional Gilbert mixer is initially de—
signed with bipolar transistor'”, and a CMOS
counterpart is shown in Fig. 2. The IIPs of this type
of mixer is mainly bounded by that of the transcon-
ductance stage'”, and more detailed analysis for the

Gilbert

Refs. [ 7, 8], especially about the current-commu-

conventional mixer can be found in

Fig. 2

Conventional double-balance CM 0OS Gilbert

mixer

tating stage design. In the following design, the
current-commutating stage will not be further
dealt with, and their dimensions have been opti-
mized to minimize their influences on the perfor-
mance of the mixers. The drawback inherent to the
traditional Gilbert mixer is that it needs higher
supply voltage because of the stacked transistor
configuration. It has been shown that the perfor-
mance of the traditional mixer degrades dramatical-
ly when the supply voltage is reduced'”. In particu—
lar, the dynamic range requirement will become
more and more stringent due to the reduced voltage
headroom available. Therefore, there is a need for
mixer that can operate at low supply voltage (e.
g.. 2V), and meet the requirements of 2.4GHz

bluetooth transceiver.

3 Modified low voltage Gilbert
CMOS up-conversion mixer

Since high 1IP3 required by up-conversion mix—

er, various feedback techniques have been devel-
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oped to improve the linearity of the transconduc—
tance stage of the mixer, as illustrated in Figs. 3
(a)" and (b)'"". However, with these methods,
the mixer cannot work at low voltage (e. g..2V),
when using 0. 35um technologies with threshold
voltage of the NM OS and PMOS transistor around
0. 65V and — 0. 85V, respectively. For instance, in
Figs. 3(a) and (b). to achieve sufficient voltage
swing at the drain of MO and M 3 operating in the

saturation region, the de voltage Vs of these drains

To current—commutating stage

(®)

Fig. 3

M odified transconductance stage for up-con-

version Gilbert cell mixer by Paolo (a) and Liu (b)

should be kept high enough (e.g.,0.7V) and con-
sequently a high dc bias V¢ at the gate of M1 and
M2. Assuming a minimum effective gate-source
voltage Ver of 0. 3V based on the current mirror
mismatch consideration'™, the value of Ve should
be at least equal to Vs+ Vur+ Vuw= 1. 65V. Consid-
ering the body effect of M1 and M2, the value will
be further elevated. This limits the available input
IF signal range in a low supply voltage system. In
addition, in Fig. 3(b), the branch formed by tran-
sistors M3~ M3 requires a power supply of 2Vin+

3Veur at least, making the mixer also unsuitable to
supplies below 2.2V,

To overcome these limitations, a Gilbert mixer

with modified transconductance stage and load
stage is proposed, as illustrated in Fig. 4. In this de-
sign, the amplifiers A1 and A2 are the main limita—
tions to reducing the supply voltage. However, even
the amplifier is implemented using current mirror
structure, the mixer can be operated with a supply
voltage as low as 3Vei+ | Viny| = 1. 75V. Due to the
low -speed operation, the bias current of Al and A2
can be very low. A dc offset signal V.. between the
two amplifiers A1 will cause an extra carrier leak-
age, and the carrier feedthrough suppression is de-
termined by the ratio of the Vo over the input sig-
nal. For an offset voltage typically in the order of a
few mV, the carrier feedthrough is then higher
than 30dB, and satisfies the requirement of trans-

mit spectrum mask.

Fig. 4 Schematic of the modified low voltage up-

conversion Gilbert mixer

At the transconductance stage, the feedback
loop based on the amplifiers A1 regulates the cur-
rent in transistor M 1, so that the variation of dif-
ferential input IF voltage signal is directly trans—
ferred to the resistor Ri. The input signal voltage
is therefore translated into an input signal current
I'n so that Iiw= Vi/Ru. By duplicating the current of
M1

formed. Capacitor C. generates Miller compensation

by M2, a linear transconductance stage is
for the feedback loop. Because the nonlinearity of
the drain current of transistor M1, which is the
main nonlinearity in the cascade stage formed by
Al and M1, can be suppressed by increasing the

loop gain, the linearity of the current mirror (M1,
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M2) itsell is the fundamental limitation of linear
transconductance stage. This is because the current
mirror is outside the feedback loop, and any nonlin-
earity of the current mirror will directly enter into
the transfer function of the transconductance
stage. There are two main sources of nonideality,
which limit linearity of the current mirror. One is
the channeldength modulation error of M1 and
M2. This limitation can be reduced to an insignifi-
cant level by adopting long channel or cascode
transistor (such as M3). According to simulation
results, a channel length of lum may be proper.
The other nonlinearity source comes from mis—
matches between M 1 and M 2. In this case, the [IP3

in Amp for current mirror can easily be estimated

from the expression
[ f
2 Vesi — Vorw
.I/ 3 X \J/ AVon L i (1)

where AVru= Vruz— Vrmi, It is the de bias cur—

lurs = 4 .

rent of M1. A good transistor matching ( low
AVti) requires considerable transistor area''”, so
high linearity of current mirror can be achieved by
increasing the transistor widths. However, the par—
asitic capacitance on the source node of the switch—
ing pair is increased, leading to a lower pole fre-
quency and ultimately degrading the linearity of
the mixer'™ . Thus, the linearity of the current mir—
ror is a tradeoff between the supply voltage (Ves),

the pole frequency, and the power ([/sisi). From
Eq. (1), it can also be seen that the linearity is in—
dependent of the geometric size ratio of M2 and
M L. In this design, the choice of the ratio,m (m=

W2/Wiwith L= L1), depends on mixer output sig—
nal amplitude. Considering the output signal loss
caused by the switching pair, an optimum m pro-
viding maximum output signal amplitude exist as
in Eq.(2):

2w Vio
m X (2)

where we have assumed a simple long-channel

m =

transistor model. In fact, because the minimum
channel length is chosen for switching transistor,

the short-channel model is more valid, and then the

actual value of m is lower than predicted by
Eq.(2). In addition. the limitation of parasitic ca-
pacitance at switching node also results in a small-
er value for m,e.g.,m= 2.

In the bluetooth transmitter path shown in
Fig. I, the PA is integrated on the same chip with
the up-conversion mixer. With this highly integrat—
ed transceiver architecture, the 50Q matching is not
required at mixer output. However, unfortunately,
the gate capacitance of input devices of PA is al-
ways very large (e. g.,300{F), and severely limits
the output bandwidth of the mixer and thus de-
creases the output signal amplitude. So, the on-chip
inductors Luai-Lia2 are used to tune out the total
capacitance associated with the mixer output. In
this case, the equivalent resistive load is

Ri= R(1+ Q)° (3)
where R: represents the parasitic resistance of the
inductor and @ is quality factor. If Liwa= Lin=
3.99nH is chosen, the @ is 6. 203, and R. is about
5Q, then R. = 260Q is obtained. This not only
yields higher output voltage swing. but also in-
creases the dc voltage headroom. In addition, to
prevent the output RF signal from swinging above
Vaa, thereby reducing its interference in other parts
of the system, the feedback loop composed of A2
and transistor M9 is used to set the output com-
mon mode voltage. At the same time, this approach
also improves the power supply rejection ratio
(PSRR) of mixer and suppresses any residual low
frequency signal at mixer output. MOS capacitor
Cc is added to increase the phase margin of com-
mon-mode stability and further keep the connec-

tion of Liai—Liaz virtual ground for RF signal.

4 Modified low voltage Gilbert
CMOS down-conversion mixer

For the receiver application, the traditional
Gilbert mixer (Fig. 2) with grounded source input

transistors is preferred to improve the linearity'".

. . . L
In this case, the input signal range is /2 X larger

than the differential pair case, and the IIP3 in Volts
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for the mixer can be approximated by the following
expression using a pow er series expansion on the /-

V relationship of the inpul transistors:

|
4 V:-!T,iu
Vs = ql"? X \,/ 0 (4)

where the parameter 0 is the normal field mobility
degradation factor and Vi is the effective gate—
source voltage on input devices M1 and M 2.
However. it is difficult to obtain sufficient gain
at a low supply voltage after considering many
tradeoffs. T hese tradeoffs can be seen if we write

for the mixer conversion gain:

ig"l-inHL = 2 X J"[".irnR[.

G. =
‘ m Vet in

(5)
where gmin and I are the transconductance and
the de bias current of either M 1 or M 2, respective—
ly, and 7s.in R denotes the de voltage drop across
the resistor loads. It is immediately apparent that
the tradeoffs exist between conversion gain (CG),
voltage headroom (/nuR1) and linearity (Vo).
Although extra current sources can be added to
transconductance stage to increase the conversion

U1 “this is achieved at the cost of the mixer

gain
linearity degradation because of the lower de¢ cur-
rent through the switching transistors'”. In fact,
due to the existence of output impedance and the
parasitic drain-bulk and drain-source capacitance of
the extra current source at the source node of
switching pair, allowing more RF current provided
by the input transistors to be shunted to ground.
T his approach increases only a small amount of the
conversion gain. Moreover, the noise current aris—
ing from additional current sources itself directly
adds to the RF current signal, thereby increasing
the mixer noise.

On the other hand, a mixer loaded with a dif-
ferential FET resistor and biased with pull-up cur—
rent sources can decouple the conversion gain from
supply voltage, as shown in Fig. 5. The PMOS
current sources M7, M8 should be biased at small
effective gate—source voltage, Ve, to achieve high

output swing at low supply voltage, which however

Fig. 5 Rofougaran modified Gilbert cell mixer

enhances their noise:

y 21]!, in

in” = 4kTYgn.o = 4KT| Y7, ™

(6)

where ¥ is coefficient of channel thermal noise.
Generally, the noise from pull-up current sources
dominates total white noise of the mixer. For ex—
ample, in a mixer biased at 1.3mA.Y of 2/3 and a
load of 2kQ, with input devices biased at 0.3V ef-
fective gate-source voltage, and the pull-up current
sources at 0.2V, the total white noise referred to

the mixer input can be found using the following

expressinn[ .
3 8kTR. 2R 1. in Tninfy gl
Vi = Gl 1 Y ™o Y Veit.in Y Vet es
(7)

where the first three terms are due to two load re-
sistors R, the four switches, and the two input de-
vices, respectively. In the above equation, the mag-
nitude of fourth term is 17. 3(about 64% of the to—
tal white noise), which is much greater than the
other three terms.

From the above discussion, it can be seen that
the down-conversion mixer design contains many
compromises among conversion gain, linearity,
noise, output swing, and the supply voltage. T here-
fore, a mixer, which gives more design freedom es-
pecially at low supply voltage, is desired. For these
reasons, a mixer with modified output stage is pro-
posed, as shown in Fig. 6.

The commutated output currents are folded to
the load resistors through the cascode transistors
M9 and M 10. In this case, the impedance at node A
(B) is dominated by M9 (M 10), and is about 1/gwo
( 1/gmww) . By choosing the size of the devices M9
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Fig. 6 Schematic of the modified low voltage down-

conversion Gilbert mixer

and M 10, the impedance can be set very low, lead-
ing to a low voltage swing at node A and B. This
means that the pull-up current sources can be bi-
ased at a much higher Vi, hence its noise can be
made much lower according to Eq. (6), breaking
the classical tradeoff between the dominated white
noise source and the output voltage swing, and re-
sulting in an important extra degree of design free—
dom. Although the additional noise sources are in—
troduced by transistors M 11 and M 12, the total
white noise contribution from the folded-cascode
output stage is still reduced in comparison with the
case in Fig. 5 because the current through M 11

(M 12) can be lowered until minimum satisfaction:

!II 12, min > %é’m.jnvin.mux (8)

where vin.ma denotes the maximum input signal of
mixer. For example, for the case in which 7.2=

0.2mA, Var7s= 0. 6V (three times as large as in
Fig. 5) and Veri1.2= 0.4V, the white noise contri—
bution from output stage can be reduced by about

20%. In
through M 11 and M 12, high output impedance (r»

addition, with the small de¢ currents

o<1/I.12) can be achieved, which means that most
of the output currents flow into load resistor and
thus the nonlinearity caused by output impedance
is reduced. For the same linearity requirement at
output node, the load resistance Ri, and hence the
conversion gain can be increased, which means that
. 3] ¢ . _— ] L.
the gain stage = following the mixer can be elimi-

nated, and saves the system current. Another im-

portant advantage of the folded-cascode output
stage may be to allow the designer to realize the dc
coupling between the mixer and bandpass filter
(BPF) by using the common-mode feedback circuit
composed of M 13~ M 16, and save the areas needed
by the ac coupling capacitors used in Ref.[3].The
compensation for the common-mode feedback loop
is provided by Ce. If the current sources [can and
diode-connected transistor M 17 are used, the con-
version gain can be adjusted on-chip by varying the

current [ cain.

S Consideration of circuit simula-
tion and experimental results

Both circuits are designed using Chart 0. 35pm
CMOS process. The compensation capacitors in the
design are PIP caps, the load capacitors are MIM
caps, and resistor model used in the simulation is
rplres (n" poly unsalicided res. ). The models and
GDS files of RF transistors and inductors are both
provided by the foundry. The MOSFET RF model
is based on BSIM3v3 MOSFET model and some
passive components are added to characterize the
parasitic effects in the high frequency range'"".

Simulations are performed under 2V voltage
supply. and the results show that the up-conver-
sion and down-conversion mixers including the bias
circuits consume 3mA and 3.5mA, respectively,
which are very low.To find IIP3 of the up-conver-
sion mixer through a transient simulation, the in-
put IF signal 0. 4sin(2mX2M Hz X1) + 0. 4sin( 2mX
1.4MHz X t) and the LO signal 0.3sin ( 2m X
2.45GHz Xt) are applied. So, the desired output
2.4486, 2.448, 2.4514 and

2.452GHz, respectively, while the third-order in-

componen Is are at

termodulation products are at 2.4474, 2.4492,
2.4514GHz, and 2. 4526GHz, respectively. Combin-
ing fast Fourier transform(FFT) analysis, the out-
put spectrum for the up-conversion mixer is dis—
played in Fig. 7. This simulation shows that the de-
sired amplitude of output signal is about — 21dB

(i.e.,87mV), and the third-order intermodulation
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products is about — 57dB, then it could be deduced
that the 1P is at least 20dBm (1IP3] agn= Pis| s+
APl a/2) .

The performance of down-conversion mixer is
Spectre-RF

steady-state analysis, which can analyze the noise

simulated using Cadence periodic

of nonlinear circuits such as mixers. T he result giv-
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en in Fig. 8 shows that 6.5nV/ IHz input-referred
noise is obtained. From the simulated output file, it
can be seen that 42% of total white noise con-
tributed to the folded-cascode output stage. The
conversion gain can be found to be 20dB. The 11P3
of 4.4dBm is also illustrated in Fig. 8, which using

two RF frequency separated by 3M Hz apart.
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6 Conclusion

In our work, the up-conversion and down-con—
version Gilbert mixers with modified low voltage
design techniques are presented. For up-conversion

mixer, feedback and current mirror techniques suit—

12t

6.0}

ep=-25

-2}

Qutput power/dBm

I ]

-10
Input power/dBm

-30

Input—referred noise voltage, conversion gain and IIP3 of the up-conversion mixer

able for low voltage operation are used to improve
the linearity of the transconductance stage, while
the load stage adopts on-chip inductor to increase
the output signal amplitude and the voltage head-
room. For down-conversion mixer, the folded-cas—

code output stage is proposed to offer an extra de-
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