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Abstract: A quadrature modulator and an up-conversion mixer for an 802. 11a wireless LAN system are designed

and fabricated in 0. 18m gate length standard CMOS technology. A current feedback loop with a transconductor

is used to improve the linearity of the quadrature modulator; An LC resonant tank is used as the load of the up-

conversion mixer to improve its gain and increase the voltage swing. The measurement results show that the input

P4 achieves — 3. 6dBm, the transducer power gain of the circuit is — 3. 6dB, and the current consumes about

45. 8mA with a 1. 8V power supply.
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1 Introduction

Wireless LAN systems will evolve towards
high data rate applications in the future. The
IEEE 802. 11a standard, which is based on orthog-
onal frequency division multiplexing (OFDM),
provides nearly five times the data rate and ten
times the overall system capacity as currently
available 802. 11b wireless LAN systems'''. While
radio frequency (RF) transmitters operate in the
gigahertz range,a quadrature modulator is one of
the key components. A CMOS analog quadrature
modulator system using an analog four-quadrant
multiplier and a phase shifter has been repor-
ted"”) . However,analog multipliers are difficult to
realize using CMOS technology. A mixer is also an
especially important building block in transceiver
design because its dynamic range is often limit-
ed”*'. This paper introduces their basic designs.
The designs are implemented in 0. 18;m CMOS
technology for the transmitter of an IEEE
802. 11a system. The circuit contains two blocks:a
quadrature modulator circuit and an up-conver-
sion mixer,as shown in Fig.1.The baseband I and
Q signals are first mixed to 1GHz by a pair of im-
age-rejected mixers, and then the quadrature
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1GHz IF signal is converted to 5GHz by the up-
conversion mixer (the divide-by-four circuit sup-
plies 1GHz in-phase and quadrature signals) .

2 Architecture and analysis of the
quadrature modulator and up-con-
version mixer

According to the IEEE 802. 11a standard, the
output power of the transmitter in the band of
5.15~5. 35GHz must be lower than 40mW;In the
5.25 ~ 5.35GHz band, it must be lower than
200mW; And in the 5. 725 ~5. 825GHz band the
maximal power is 800mW. The gain of the power
amplifier is between 20 and 40dB. In the circuit,
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Fig.1 Transmitter architecture of the WLAN IEEE
802. 11a system

* Project supported by the National High Technology Research and Development Program of China (No.2002AA1Z1600)

+ Corresponding author. Email : lwy555@seu. edu. cn

Received 21 March 2007, revised manuscript received 23 April 2007

(©2007 Chinese Institute of Electronics



%9 1

Li Wenyuan et al. .

CMOS Quadrature Modulator and Up-Conversion Mixer for 802. 11a Wireless --- 1365

v

T dd
CMFB2 CMFB2
°‘| Mi7 cmout2 i L_»“_e

e WY S .
LO- 4O
Mi3 Mié6
IF+ o] } I, fo IF

Fig. 2
transconductor stage (a) Gilbert cell; (b) Transcon-

Gilbert cell using current feedback loop
ductor stage

local oscillator (LO) signals are differential sig-
nals with frequency of 4GHz and voltage swing of
about 400mV given by the VCO,and the voltage
swing of the baseband I and Q signals is about
200mV. The output power of the up-conversion
circuit we design is expected to be between — 18
and 3dBm.

2.1 Quadrature modulator

The quadrature modulator shown in Fig. 1
consists of two identical modulators and a divide-
by-four circuit. A schematic of one branch of the
quadrature modulator (I/Q) is shown in Fig.2. It
includes the following circuit units: Gilbert cell,
transconductor stage”®~"', and common mode
feedback (CMFB) circuit.

The Gilbert cell is shown in Fig.2(a). For its
less harmonic and good port-to-port isolation, a
double-balanced Gilbert cell is widely used in the
mixers. Because the circuit is symmetric, the half-
circuit method can be used to analyze its perform-
ance. For the single-balanced mixer, the output
current can be derived as follows:

I, = K(VGSB*V(},)Z (D
V(,;s13 - Ima/K + Vrh (2)

In = K(Visi *Vm)z (3)

Vs = Y Inu /K +Va 4)

vo = Visis — Vs = («/ I W I )/ \/F (5
As Iy + Iniy = I s

K'UiO = In — 24/ Ivis Iy (6)

411)1311111 = (11)1 _K'Ui())z D)
Ii"l = (Upy — I’ = Uy — I)? — 4l Iny
= I%)] - (Il)l —K,U%‘())Z (8)

Thus the output current can be expressed as
(ignoring channel length modulation effect)

_ o o 7}12,() 2
Lo \/1 (1 71[)1/K) sgn(u o) Iy 9

where I, is the static current and K = 1, Cox W,/
2L,.

If Vog= Vs —
the switch transistors will cut-off when | x| >v2,
and thus the output current remains invariable.
Therefore,when vy >v/2 Vs M13 ~M16 can be
treated as switch transistors.

Vs X = vio/ Ve then one of

According to the above analysis, the output
current of the double-balanced Gilbert mixer is
given by

Iowr = Ipisgn(a) (10
I = Isgn(a) 1D

Obviously; because of the high order parasit-
ics, the short-channel MOS no longer satisfies the
square law of the long channel MOSFET, but the
switch pairs are less sensitive to these effects than
the transconductor. Therefore, the IIP3 of the
Gilbert cell mixer is mainly determined by the
ITP3 of the transconductors M11 and M12. In the
circuit design, a current feedback loop is used to
improve the linearity of the transconductor.
stage is
Fig.2(b). The input baseband signal is Vi, , ex-
pressed as Vi, = Viu = Vie. Vs Ve are the gate-
source voltages of M1 and M2. Then the source

The transconductor shown in

voltages of M1 and M2 are given by

Vm = Vinl 7Vgsl 12)
and
VI)Z - sz 7Vgs‘2 (13
The voltage of the resistor R can be ex-
pressed as
Vi=Vy, =V =V, =V, =V, 14
If Voa = Ve =0,then I, = I,,and the voltage

of resistor R can linearly respond to the change of
the input voltage. Thus the input signal V, is di-
rectly transferred to the resistor R,and the input
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Fig.3 Frame of divide-by-four

signal voltage is translated into an input signal
current I,, = V,,/R. Transistors M1, M3, M5, and
M7 form a negative feedback loop to clamp the
drain voltage of M3 in order to make the voltage
of R linearly vary with the input voltage Vi,.
Through the current mirror M3, M4, M11,M12,a
linear transconductance stage is formed.

Therefore,from Eqs. (10) and (11), the out-
put current of the Gilbert cell is given by

Lo = Towr — Lo = py — Iy )sgn(a)
= [, +Ix) — (I, — Ix) Jsgn(a)
= 2Igsgn(x) = 2V, sgn(x)/R (15)

That is, the relation of I,, and V,, becomes
linear.

Both the transconductor stage and the Gilbert
cell use the CMFB circuit. There are two reasons
for it: one is to supply a steady common mode
(CM) level at the node of the output,and the oth-
er is to reduce the CM gain and improve the CM-
RR. In order to increase the dynamic output
swing, the cascade of MOS between the power and
the ground must be reduced. Therefore, the tail
current is canceled in the Gilbert cell to increase
the output swing, but this weakens the ability to
restrict the CM signal. Thus, the CMFB circuit is
used to compensate the drawback.

As for the divide-by-four circuit, it provides
the in-phase and the quadrature signals of 1GHz,
so its performance influences the I/Q mismatch
directly. The circuit architecture of the divider is
classified as the analog-divider and digital-divi-
der. The structure,also called a Miller divider,op-
erates at speeds exceeding half of the f: of its
constituent devices™ . However.it will suffer from
substantial phase noise and not supply the quadra-
ture signals. As shown in Fig.3,the divide-by-four
circuit is composed of two divide-by-two units,
which can be realized as two latches in a negative

Fig.4 One latch implemented with SCFL logic

loop. One of the latches is shown in Fig.4. M1 and
M2,M3,and M4 are two differential pairs; when
CK is high,M5 is “on” and M6 is “off”,so D and
DN transfer to DO and DON through M7 and
M8, which function as source-followers. When CK
is low,M3,M4 and M7,M8 constitute a DC feed-
back loop, and DO, DON are maintained. The
buffers in the output commutate the signal and in-
crease the drivability'®.

Considering the divide-by-two, its free fre-
quency is set to half of the fex while no clock sig-
nals working in order to reduce the loss.

2.2 Up-conversion mixer

In the front-end architecture, the cascade
components influence the overall linearity. The
overall ITP3 performance in the front-end is given
by

1 Al ATA;]
1P3 = Lirpg, T 1ips,  1p3,

The I1P3 magnitude and voltage gain of the

- e J A6

n-th stage are given by IIP3, and A, ., it shows
that the linearity of the front-end is dominated by
the ones located following the first stage of the
front-end"” . Consequently, the linearity of the
whole circuit could be improved by enhancing
that of the up-conversion mixer based on some
gain. Resistive degeneration (depicted in Fig. 5)
of the differential pair V-to-I converter improves
mixer linearity"'” , and indeed. the available dy-
namic range,at the expense of a higher noise fig-
ure which can be ignored in the up-conversion
mixer.

As shown in Fig.5,the core of the up-conver-
sion mixer is also the Gilbert cell. But it is be-
tween the quadrature modulator and the power
amplifier, and accordingly, it is easily interfered
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Fig.5 Up-conversion mixer

with by the odd harmonic and the intense signals.
In addition,since the output frequency of the up-
conversion mixer is over 5GHz and the power
supply is 1. 8V, the output swings will decrease if
pMOS or resistors are used as the load. Thus, an
LC tank is used as the load in the Gilbert cell of
the up-conversion mixer.

Because of the frequency selectivity charac-
teristic of the load using the LC tank, not only
does are the output voltage swings of the Gilbert
cell and the gain of the up-conversion mixer im-
proved at a frequency of 5GHz, but other odd
high-frequency harmonics are also suppressed.
The gain of the resonant network achieves the
maximum at a frequency of 5GHz, and at the
same time the frequency selectivity of the system
is better.

However, the LC tank will consume more
chip area,and a high Q LC tank is hard to achieve
in CMOS technology due to large parasitics in the
substrate.

In CMOS, the LO signal is more ecasily fed
through the substrate into the output. Thus, the
port-to-port isolation will be the most important
part to consider.

3 Realization and measurement

3.1 IC fabrication

The circuit has been realized in a standard
0.18um CMOS technology of TSMC. A chip mi-
crophotograph is shown in Fig. 6, which is com-
pletely symmetrical. The chip die size is 0. 944mm
X 0.995mm.

Fig.6 Microphotograph of the circuit
3.2 Measurement

The quadrature signals are supplied by an Ag-
ilent E4438C, and the output spectrum of the
modulated signals is measured by an Agilent
E4440A. As shown in Fig. 7, while the spectrum
should be a single side-band (SSB) modulated
spectrum, the results show another side-band,
which is because the signal source provides the
quadrature and the differential signals have some
mismatch. In addition, the measurement on bond-
ing should increase the loss that has not been add-
ed to the results.

Even then, as Fig. 8 depicts, the following
measurement results are achieved: The P4 (input
1dB compression point) is as high as — 3. 6dBm,
the transducer power gain is — 3.6dB, and the
port-to-port isolation is less than — 51dBm. The
circuit consumes 45. SmA of current with a 1. 8V
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Fig.7 Output spectrum of the mixer
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power supply. The measurement results accord
with the performance we expected.

4 Conclusions

As depicted in the measurement results, the
CMOS quadrature modulator and up-conversion
mixer accomplished with differential pairs are de-
signed successfully. For the behaviors of the cir-
cuit exhibiting a high performance, with relatively
high linearity ( P,g as high as — 3.6dBm) and
some transducer power gain, it could be suitable
for WLAN applications.
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