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Abstract: A quadrature mixer with a shared transconductor stage is analyzed,including voltage conversion gain,linearity,

noise figure,and image rejection. The analysis indicates it has better performance than a conventional Gilbert mixer pair in

commutating mode. A quadrature down-conversion mixer based on this topology is designed and optimized for an ultra

high frequency RFID reader. Operating in the 915MHz ISM band, the presented quadrature mixer measures a conversion
gain of 12. 5dB,an IIP3 of 10dBm, an IIP2 of 58dBm,and an SSB noise figure of 17. 6dB. The chip was fabricated in a
0.18um 1P6M RF CMOS process and consumes only 3mA of current from a 1. 8V power supply.
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1 Introduction

As part of the general identification procedure,
radio frequency identification (RFID) systems are
becoming indispensable in manufacturing, purchasing,
transportation, etc. However, almost all the RFID
readers on the market today are composed of discrete
devices, which lead to bad portability and high cost
and, thus, are a primary obstacle to popularization.
Fortunately, the remarkable development of the
CMOS process enables the integration of a wireless
transceiver on a single chip,which greatly reduces the
volume, cost,and power consumption. In fact,the sin-
gle chip reader is now a promising and hot research
topic in both industry and universities.

A direct-conversion receiver for an ultra high
frequency (UHF) single-chip reader based on EPC-
global Class-1 Gen-2 protocol" is illustrated in Fig. 1.
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The direct-conversion architecture is a viable solution
due to its low complexity and good performance. As a
key block in the receiver, the performance of the
quadrature down-conversion mixer dominates the dy-
namic range of the whole receiver. On one hand, the
linearity of the receiver front-end is limited by that of
the down-conversion mixer'®',and,in the presence of
adjacent channel interference from other readers,
both the second-order and third-order inter-modula-
tion of the mixer should be suppressed. On the other
hand, the direct-conversion architecture requires the
down-conversion mixer to be almost free of flicker
noise, which is also problematic. Furthermore, power
consumption and chip area are expected to be small in
view of low cost.

In this paper.a quadrature down-conversion mix-
er with a shared transconductor stage for the UHF
RFID reader application is analyzed, designed, and
fabricated.
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Fig.2 Two topologies of quadrature down-conversion (a) Quadrature mixer with shared transconductor
stage; (b) Gilbert mixer pair
CGs = gmaGswaRL @)

2 Analysis of a quadrature mixer with

shared transconductor stage

Quadrature down-conversion can be realized
through two topologies, as shown in Fig. 2, the
quadrature mixer with shared transconductor stage
(Q-mixer) and the conventional Gilbert mixer pair
(G-mixer). To give a normalized performance analy-
sis, the two topologies are designed to have equal
power dissipation under the same bias condition. This
is achieved by making the gate width of the transcon-
ductor transistors in the Q-mixer twice of that in the
G-mixer, and making other parameters in switching
stage and load stage identical. In addition, the mixers
are assumed to operate in the commutating mode
driven by a large sinusoidal local oscillator (LO) sig-
nal. This is reasonable because the LO signal offered
by LC VCO is generally a large sinusoidal wave
through buffering or frequency-division.

2.1 Voltage conversion gain analysis

The voltage conversion gain (CG) of a G-mixer
in commutating mode is

where gn.c and Gsw.g represent the transconductance
of the transconductor transistor and the transfer gain
of the switching pair in the G-mixer,respectively. The
CG to each output path in a Q-mixer is
CGo = gmoGsw.oRL (2)
where g0 and Gsw.o represent the transconductance
of the transconductor transistor and the transfer gain
of the switching pair in the Q-mixer,respectively. Ac-
cording to the biasing and size of the transconductor
stage,
gmo = 2&ma (3)
The values of Ggy.c and Ggy.o can be calculated
from the ideal transfer waveform of the switching
pair illustrated in Fig. 3. In a G-mixer, the input cur-
rent available at the drain of a transconductor tran-
sistor is switched through each of the two switching
transistors for half of the LO period. Therefore, the
input current is multiplied by a square wave, whose
Fourier series expansion is

folt) = Z sinCkx/2)

k=-o

X Cjk“‘LO’ (4)

kw/2
In a Q-mixer, the input current available at the
drain of a transconductor transistor is switched
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Fig.3 Ideal transfer waveform of switching pair

through each of the four switching transistors for one
quarter of the LO period. The corresponding transfer
waveform has the Fourier series expansion

folt) = % E sinCkn/4) % (1 -
k= -

vy e ikny X eikorot
(5
The transfer gain of switching pair equals the
Fourier coefficient of the fundamental LO frequency,

which means

Gsw.e = 2/7‘[ (6)
GSW.Q = \/?/TE (7)
Gsw.o = Gsw.c;/«/§ (8

Combining Eqgs. (1),(2),(3),and (8),we con-
clude that
CG, = +/2CGq (9
Thus, in commutating mode, the Q-mixer has a
3dB improvement in CG over the G-mixer. Figure 4
plots the simulated CG of these two topologies versus
LO amplitude. In non-commutating mode, the two to-
pologies have similar CG,but when the LO amplitude
is high and the mixers are operating in the commuta-
ting mode, the CG of the Q-mixer is approximately
2. 8dB greater than the G-mixer. The slight discrepan-
cy between 2. 8 and 3dB is due to the larger parasitic
capacitance at the drain of the transconductor tran-
sistors.

2.2 Linearity analysis

In commutating mixers,the linearity is limited by
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Fig.4 Simulated CG of Q-mixer and G-mixer versus LO ampli-
tude

the transconductor stage'*’. To compare the transcon-

ductor nonlinearity of the Q-mixer and G-mixer, we

first analyze the nonlinearity of the common source

short-channel MOSFET .whose I-V relation is"™
VéST

1+ 0Vasr

where [ is the drain current and Vgsr = Vgs — Vpois

I =K (10)

the gate overdrive voltage. Parameter K depends on
the technology and the size of the device,and is pro-
portional to the channel width. Parameter § models to
a first order the source series resistance, the mobility
degradation due to the vertical field,and the velocity
saturation due to the lateral field in the short-chan-
nel. ¢ depends on the channel length and is independ-
ent of the body effect. The third-order input-intercept
point of this MOSFET can be derived as

4Viast (2 + Vgsr) (1 + 0V gsr)®

30
According to Eq. (11),IIP3 is a monotonically

I1P3 = (1)

increasing function of Vsr. The transconductor tran-
sistors of the Q-mixer and G-mixer have the same
channel length and gate overdrive voltage,and there-
fore exhibit similar linearity.

In fact,as the Q-mixer has a larger parasitic ca-
pacitance at the drain of a transconductor transistor
than the G-mixer, the nonlinearity caused by the
switching pair is somewhat larger. This is because
when the LO amplitude is high, higher current is in-
jected by the parasitic capacitances, which attenuates
the high-frequency phenomena and alters the periodic
operating point of the devices”” . However, because
this switching pair is a minor nonlinearity contributor
in commutating mixers, this linearity loss is negli-
gible.

2.3 Noise analysis

Output noise of the mixer derives from the load
stage, switching stage, and transconductor stage, in
different proportions and from different frequencies.

The loads of the mixer contribute noise in the in-
termediate frequency (IF). Since the loads of the Q-
mixer and G-mixer are identical, the output noise due
to the load stage is also the same,with power spectral
density (PSD)

Viitea = 4kTR (12)

As far as the mixer is concerned, noise origina-
ting in the transconductor stage is indistinguishable
from the RF input signal,so the noise at frequencies
frox firs3fio £ fir+5fLo = fip+-+is down-converted to
IF at output,in the same way as the input signal™®’.
Thus, the transconductor stage contributes only white
noise to the output noise if the switching transistors
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Fig.5 Simulated SSB NF of Q-Mixer and G-Mixer versus LO
amplitude

are well matched or the LO amplitude is large enough
to perform ideal switching. The PSD of output noise
due to the transconductor stage can be expressed as

 Transconducior = 4kTygm GiwRL (13)
Equations (3),(8),and (13) indicate that the output
noise due to transconductor stage is the same in the Q-
mixer and G-mixer. However, because the CG of the
Q-mixer is 3dB higher,the NF due to the transconduc-
tor stage and load stage is 3dB lower than that of the
G-mixer.

In the switching pair, the noise at frequencies
firs2fio & firs4fio £ fir---is converted to IF at out-
put. So the flicker noise of switching stage deterio-
rates the low frequency NF in direct-conversion mix-
ers. In the G-mixer, when only one switching tran-
sistor at each transconductor transistor drain is con-
ducting, the noise contributed to the output due to
that switching transistor is negligible because it forms
the cascade structure with the lower transconductor
transistor. Actually, the switching stage contributes
noise only when the LO signal crosses zero and two
switching transistors conduct at the same time. The
PSD of the output noise due to the white noise of one
switch can be expressed as™®

i.Swilching = 4kTy X KLA X RZL
where [ is the bias current through the switching
transistor and A is the LO amplitude. In a Q-mixer,
noise from each switching transistor is injected into
both I and Q outputs when the switching is not ideal.

14)

For example, noise of M5 is injected not only to IFI
— ,but also to IFQ + and IFQ —, which makes the
output noise due to the switching stage in the Q-Path
larger than that in a G-mixer. It is the same with the
flicker noise distribution. However, according to Eq.
(14) ,for large sinusoidal LO signals,the noise contri-
butions of switching pairs are negligible in both the
Q-mixer and G-mixer. Output noise is mainly contrib-
uted by the transconductor stage,and the Q-mixer ex-
hibits approximately 3dB improvement in NF over the
G-mixer. This analysis is validated by the plot of the

simulated NF in Fig. 5. In commutating mode,the im-
provement of NF in the G-mixer is slightly less than
3dB because the 3dB NF advantage due to the
transconductor and load stages is partially offset by
the noise contribution from the switching transistors
in another path. The NF increases rapidly in non-
commutating mode because when the LO amplitude is
lower, the flicker noise of the switching transistors
begins to dominate the output noise of the mixers.

2.4 Image rejection analysis

Although the image problem does not exist in di-
rect-conversion receivers with double side band
(DSB) RF input,such as a UHF RFID reader,it is a
common and severe problem in heterodyne receivers
and direct-conversion receivers with single side band
(SSB) RF input. The loss of image rejection derives
from the device mismatch between the I and Q paths.
While the influence of the load resistor mismatch on
the image rejection is the same between the Q-mixer
and G-mixer,the loss of image rejection introduced by
transconductor stage mismatch and switching stage
mismatch is different between the two topologies.

In the G-mixer,the mismatch of the transconduc-
tor stage between the I and Q paths leads to a mis-
match in input impedance and transconductance. The
former leads mainly to phase mismatch and the latter
leads mainly to amplitude mismatch. In the Q-mixer,
as the transconductor stage is shared between the I
and Q paths and no image rejection loss will be intro-
duced by a mismatch of the transconductor stage.

In the Q-mixer with non-ideal switching, more
than one switching transistor at the drain of a
transconductor transistor may conduct at the same
time. For example, when LOI + is high and M5 is
completely opened, LOQ crosses zero and M9 and
M10 shall also be partially opened. The relative Gy
of those conducting switching transistors determines
the ratio of the current routed to each output (I or Q
output), which makes the matching between I/Q
paths vulnerable to the mismatch in the switching
stage. The G-mixer does not exhibit this routing effect
because there is no interaction between the I and Q
paths at the drain of the transconductor transistor.

This analysis can be verified through Fig. 6(a),
which shows the simulated image rejection ratio
(IRR) of the two mixers. In the IRR1 simulation,the
switching stages are perfectly matched and the rela-
tive transistor gate length refers to the ratio of
transconductor transistor gate length in I path to that
in Q path.In the IRRZ simulation,the transconductor
stages are perfectly matched and the relative tran-
sistor gate length refers to the ratio of switching tran-
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Fig. 6 (a) Simulated IRR versus relative transistor gate
length, with LO amplitude of 5dBm; (b) Simulated IRR versus
LO amplitude, with relative transistor gate length of 1.1

sistor gate length in the I path to that in the Q path.
As expected, the IRR of the Q-mixer is immune to
mismatch in the transconductor stage but more sensi-
tive to mismatch in the switching stage. However, as
the LO amplitude increases, the switching in the Q-
mixer will be more ideal,and the loss of image rejec-
tion due to the switching stage will be reduced fur-
ther,as shown in Fig. 6(b).

simulated with a relative transistor gate length of
1. 1. Linearity figures-of-merit ( FOM) defined as
101g(OIP3(mW) /P, (mW)) are also calculated for
the two topologies, which indicates the higher per-
formance of the Q-mixer in commutating mode.

3 Circuit design and optimization

The presented quadrature down-conversion mixer
for UHF RFID readers is shown in Fig. 7. According
to the analysis in Section 2,the Q-mixer topology is a-
dopted here to consume less power while achieving
the same performance as the G-mixer topology. More-
over, this topology also relaxes the design trade-offs
between NF, CG, and linearity. To get high CG and
low NF, higher bias current is expected in the
transconductor stage, while lower bias current is pre-
ferred in the switching stage. Because previous works
used current bleeding or folded structures to solve this
problem, they either increased the circuit complexity

Fig.7 Presented quadrature down-conversion mixer with shared transconductor stage
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or occupied larger chip area. In the Q-mixer, the
trade-off is solved inherently because the bias current
in the transconductor stage is halved between the I
and Q path, which enables us to optimize the
transconductor stage without performance penalty in
the switching stage.

In consideration of the adjacent channel interfer-
ence from other readers,high linearity is required for
a down-conversion mixer, and, as stated in Section
2.2,it is limited by the transconductor stage. So, the
multiple gated transistor (MGTR) configuration first
proposed by Kim et al.in Ref.[7] is adopted here,in
which an auxiliary transistor (AT) operating in the
sub-threshold region is superposed in parallel with the
main transistor (MT) operating in the saturation re-
gion. The size and the gate bias of the MT and AT are
different and carefully chosen to make the third-order
inter-modulation component of the AT offset that of
the MT,which gives the transconductance stage and,
thus, the whole mixer a much higher IIP3. Further-
more, poly-silicon resistors are used as loads to assure
linearity.

According to the noise analysis in Section 2. 3,
the low frequency noise is dominated by flicker noise
of the switching pairs. Therefore, the parasitic verti-
cal npn bipolar junction transistor ( V-NPN BJT) in
the deep n-well CMOS process, which shows a much
lower corner frequency for flicker noise,is used as a
switching transistor instead of MOSFET™ . Also, the
poly-silicon resistors are free of flicker noise and their
resistance can be made larger to restrain the white
noise contribution.

4 Chip implementation and measure-
ments

The presented mixer was fabricated in a 0. 18um
1P6M RF CMOS process. As high frequency quadra-
ture signals are not practical to obtain, a divide-by-
two circuit is also designed and implemented to gener-
ate the quadrature LO signals. Special layout technol-
ogies, such as common-centroid, interdigitation, dum-
my,symmetry etc.,are used to attain good matching
and high ITPZ. The microphotograph of the chip is
shown in Fig. 8. The total die area including bonding
pads is 0. 8dmm X 0. 74mm, with 0. 38mm X 0. 48mm
for the quadrature mixer core. The I/Q quadrature
mixer including bias circuits draws a total of 3mA
from a 1. 8V power supply.

The RF and 2LO signals are generated by Vector
Signal Generator E4438C and the output IF signals
are displayed and analyzed by Oscilloscope MS08104 A
and Spectrum Analyzer E4440A. The down-converted

Quadrature Mixer

Divide-by-Two

Fig.8 Microphotograph of chip

File Control Setup Measure Analyze Utilities Help 1:30 PM
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o

Fig.9 1/Q output waveforms

I/Q waveforms are shown in Fig. 9, which indicates
average phase error below 1.2° and amplitude error
below 0. 2dB,including imbalance introduced by divi-
der,baluns,bonding,and buffers.

The measured CG is 12. 5dB (IF = 500kHz) , with
a 1dB compression point P_;43 of — 5dBm, as shown
in Fig. 10. The linearity is measured with a two-tone
test at 915MHz LO frequency and 915.5MHz,
915. 7TMHz RF frequency. Figure 11 shows the output
spectrum of the two-tone test. As shown in Fig. 12,the
measured [IP3 and IIP2 are 10dBm and 58dBm, re-
spectively. The SSB NF is measured 17. 6dB at 1MHz,
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Fig.10 Measured — 1dB compression point
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with approximately 250kHz of corner frequency for
flicker noise.

The measurement results are summarized and
compared with some recently published mixers in Ta-
ble 2. The presented mixer shows high linearity and
low power consumption,achieving the highest lineari-
ty FOM among these mixers.

5 Conclusion

The performance of a quadrature mixer with a
shared transconductor is analyzed and validated,
which indicates its advantage over a conventional Gil-
bert mixer pair in commutating mode. A quadrature
down-conversion mixer based on this topology is de-
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signed and optimized for UHF RFID reader applica-
tions. Measurement results show that the presented
mixer achieves low power and high linearity without
degrading other performance measures, which indi-
cates its feasibility in low cost zero-IF or low-IF ap-
plications.

Table 2 Performance summary and comparison

Reference Kim[7) Klumperink!®’ Vidojkovicl10 Liul11 This work
Frequency/GHz 2.4 1 2.4 1.63 0.915
CG/dB 16.5 12 15.7 6.63 12.5
11P3/dBm 9 5 1 1.5 10
SSB NF/dB 17.2 22.3 12.9 21.4 17.6
Power/mW 5.4 4 8.1 N/A 2.7
FOM/dB 18.18 10.98 7.62 N/A 18.19
Process 0.18ym 0.18ym 0.18ym 0.18ym 0.18ym
CMOS CMOS CMOS CMOS CMOS
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