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CMOS highly linear direct-conversion transmitter for WCDMA with fine gain
accuracy�
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Abstract: A highly linear, high output power, 0.13 �m CMOS direct conversion transmitter for wideband code
division multiple access (WCDMA) is described. The transmitter delivers 6.8 dBm output power with 38 mA
current consumption. With careful design on the resistor bank in the IQ-modulator, the gain step accuracy is within
0.1 dB, hence the image rejection ratio can be kept below�47 dBc for the entire output range. The adjacent channel
leakage ratio and the LO leakage at 6.8 dBm output power are �44 dBc @ 5 MHz and –37 dBc, respectively, and
the corresponding EVM is 3.6%. The overall gain can be programmed in 6 dB steps in a 66-dB range.
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1. Introduction

Technology development within mobile communications
is seeking a low cost full chip solution. One possible way to
address the problem is to eliminate expensive off-chip compo-
nents and to use fewer on-chip blocks. For transmitter design,
direct-up-conversion (DUC) architecture is a good candidate
for the low cost design. CMOS technology is popular nowa-
days for its low cost and high integration level. Obviously, a
direct conversion CMOS transmitter is a good choice.

This paper presents a highly linear and high output
power transmitter for wideband code division multiple access
(WCDMA) based on DUC architecture to meet 3GPP protocol
requirements. The circuit is implemented in a 0.13 �m process
with multiple supply voltage. It delivers a high output power
while still leaving large headroom on linearity for the exter-
nal PA. A 66 dB dynamic range with high gain step accuracy
is achieved using only two design blocks, hence lowering the
gain control requirement on the baseband blocks.

2. System design

2.1. System architecture

Figure 1 shows the block diagram of a direct conversion
WCDMA transmitter. The HPSKmodulated signal is provided
by the digital baseband and converted to an analog signal by
DAC. The signal is then processed by the successive low past
filter to filter out the image and clock spurs. This clean analog
signal is delivered to the I/Q modulator and up-converted to
the carrier frequency. Then the RF signal is amplified by the
driver amplifier and further amplified by an external PA. Since
WCDMA is frequency division duplex (FDD), the transmitter
and receiver work simultaneously. Hence the noise of the trans-
mitter will deteriorate the receiver performance, especially the
noise figure. A sound acoustic wave (SAW) filter can effec-
tively lower the noise seen by the receiver and limit the deteri-

oration to an acceptable level. In order to avoid the LO-pulling
problem, an I/Q divider is used to generate a quadrature LO
signal.

Considering the 3 dB loss of the duplexer and SAW, and 23
dB normal gain of the external PA, the maximum output power
at the driver amplifier should be at least 5 dBm tomeet the class
3 output power requirement specified in the 3GPP protocolŒ1�.

2.2. System consideration

In 3GPP protocol, there are several specifications needed
to be satisfied. The linearity is specified by an adjacent chan-
nel leakage ratio (ACLR), while modulation accuracy is spec-
ified by the term error vector magnitude (EVM). Unlike the
GSM systems, the variable envelope modulation employed in-
creases the spectral efficiency but requires linear amplification
to ensure the modulation accuracy in WCDMA. This section
includes detailed discussion on these specifications.

2.2.1. Gain control scheme

In code division multiple access (CDMA) communication,
multi-users share the same frequency channel. The signal is

Fig. 1. Block diagram of a direct conversion transmitter.
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valuable only for a specific user while treated as noise for oth-
ers. But if the signal power for a certain user is too large, the
noise floor of the whole channel increases and hence deterio-
rates the SNR of the other users. Therefore, the 3GPP protocol
placed a strict requirement on power control. For the Power
Class 3 requirementŒ1�, the dynamic range of output power is
74 dB, ranging from –50 to 24 dBm. The gain step is 1 dB with
0.5 dB step accuracy, which is a great challenge in the preva-
lent CMOS process.

In order to fulfill this large control range, it is quite reason-
able to distribute the gain control to each block.Meanwhile, the
combination of coarse control and fine control will make the
realization easier. The gain step for RF blocks, such as driver
amplifier and I/Q modulator, is set to 6 dB for coarse gain con-
trol while the 1 dB step is implemented in the analog baseband
where the accuracy is much easier to guarantee. Since the gain
for the external PA is usually fixed, the RF gain control will be
totally implemented in the driver amplifier.

In the proposed system, the I/Q modulator has a 54 dB
gain range and the driver amplifier has a 12 dB gain range.
The whole transmitter provides 66 dB gain range with a 6 dB
gain step, relaxing the gain control requirement on the analog
baseband and hence eliminating one VGA to save the power
and chip area.

2.2.2. Linearity consideration

In the WCDMA communication system, the uplink sig-
nal is an HPSK modulated signal, which has a PAR of around
3.1 dB. It requires linear amplification, so the linearity of the
system is crucial. In the 3GPP protocol, the adjacent channel
leakage ratio (ACLR) is used to benchmark the linearity perfor-
mance of the system. The ACLR is defined as the power leaked
into the adjacent channel compared to the power in the main
channel. The leaked power is mainly attributed to the third or-
der inter-modulation (IMD3) and will deteriorate the SNR in
the adjacent channel. When working in a strong nonlinear re-
gion, the fifth or even higher order inter-modulationwill induce
power leakage into the alternate channel, which is two channels
away from the main channel. According to 3GPP protocol, the
ACLR should be less than –33 dBc @ 5 MHz and –43 dBc @
10 MHz.

Since PA is the main contributor to the nonlinearity, at
least 10 dB headroom is reserved for it, which means that the
ACLR at the driver amplifier output should be less than –43
dBc @ 5 MHz and –53 dBc @ 10 MHz. As stated earlier,
the ACLR is introduced mainly by the IMD3 and other inter-
modulation terms. As a reference, the relationship between
OIP3 and ACLR can be givenŒ2�,

ACLR D 2.Pout � OIP3/ � 9 C 0:85.PAR � 3/: (1)

From Eq. (1), the OIP3 of the TXIC, should be at least 22
dBm in order to get 5 dBm linear output power with a�44 dBc
ACLR. Using the Friis equation, the OIP3 of driver amplifier
and mixer can be derived separately.

The designed mixer has good linearity, which benefits
from the highly linear voltage to current conversion module.
So the ACLR degradation is mainly induced by the driver am-
plifier stage. The IM3 cancelling is performed at a large output
power in the designed driver amplifier. So the ACLR can still

reach the standard even though the OIP3 of the system is lower
than the value as Eq. (1) required.

2.2.3. EVM consideration

The error vector magnitude (EVM) is usually used to
benchmark the quality of the modulated signal in digital com-
munication systems. It measures the distortion both in magni-
tude and phase. The EVM degradation is caused by a lot of
factors, including the inter-modulation, IQ imbalance, phase
noise and dc offset. Each factor will dominate under different
conditions.

For high and moderate output power, the main contributor
to a large EVM is the image signal caused by IQ imbalance in
the LO and baseband signal.

Assume the ideal IQ output signal can be expressed in
Eq. (2),

fTX.t/ D cos�.t/ cos.!ct/ � sin�.t/ sin.!ct /: (2)

Considering the phase and gain imbalance on LO and BB
signals, the real output IQ modulated signal should be written
as

fTX.t/ D cos�.t/ cos.!ct/�.1Cı/ sinŒ�.t/C"� sin.!ct C �/:

(3)
The IQ magnitude difference is denoted by ı, and " stands

for the phase offset on the baseband IQ signal. � denotes the
IQ phase offset in the LO signal. Based on the above equation,
the image suppression can be modeled by Eq. (4)Œ3�.

IMGs D 10 lg
1 � 2.1 C ı/ cos." � �/ C .1 C ı/2

1 C 2.1 C ı/ cos." C �/ C .1 C ı/2
: (4)

The EVM contributed by the image product can be ex-
pressed by Eq. (5).

EVMimg D

p
101MGs=10: (5)

A �40 dBc image suppression will contribute only 1%
EVM. So the image rejection ratio should be kept below �40
dBc to guarantee a good EVM performance.

For low output power, LO leakage induced by DC-offset
are dominant ones. Assume the DC offset in baseband signal is
�dc, the term carrier suppression denoted by Cs is defined as

Cs D 10 lg
PCFT

PTX
D 20 lg

VCFT rms

VTX avg
;whereVCFT rms D

�dc
p

2
:

(6)
PCFT andPTX denote the power of the feed-through carrier

signal and output signal separately. VCFT rms and VTX avg denote
the root mean square value of the magnitude of the correspond-
ing signal. And the contribution to the EVM is described in
Eq. (7).

EVMCFT D

p
10CS=10: (7)

For the –20 dBm output, a 5 mV DC offset may deterio-
rate the EVM to 16%. Hence a calibration circuit is necessary.
When the output power is very low, such as –50 dBm, noise
will also contribute to the degradation of the EVM. But in this
situation, there’s no requirement on the EVM so the noise con-
tribution can be neglected.
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Fig. 2. Mixer and specific sub-block.

2.2.4. Noise consideration

In a FDD system likeWCDMA, RX and TXwork simulta-
neously. The power in the TX output is usually several orders
of magnitude larger than the RX input signal. The TX noise
floor may be comparable to the RX input and even overwhelm
it. Hence a duplexer is usually used to provide isolation from
the TX to RX channel, which is around 50 dB. In order to avoid
too much degradation in NF performance in RX, the TX output
noise floor at the RX port of the duplexer should be less than
–162 dBc/HzŒ4�.

In the proposed transmitter, the analog baseband and mod-
ulator are providing attenuation rather than gain and only the
driver amplifier has the gain. So the noise generated in themod-
ulator is critical for the total output noise. The noise floor of the
modulator at 190 MHz deviation from the carrier frequency
should be no more than 1 nV/

p
Hz.

3. Circuit implementation

The TXIC includes a driver amplifier, an I/Q modulator
and an I/Q divider. The supply voltage is 1.2 V for the I/Q
modulator and divider, and 3.3 V for driver amplifier. Thick
oxide devices are adopted in the driver amplifier.

3.1. I/Q modulator

The I/Q modulator consists of two identical mixers that
process the I and Q signals. Figure 2 shows a schematic of the
mixer. The circuit is an active mixer based on the Gilbert cell
with some modificationsŒ5�. The input voltage signal is turned
into the current signal through the input resistors Rin instead
of Gm of the input transistor that is used in the conventional
Gilbert cell. Equation (8) shows the single-end analysis of the
voltage to current conversion process. In order to make a linear
conversion, the resistance Req seen at nodes B in Fig. 2 should
be small enough compared to the input resistance of Rin.

Iin D
Vin

Rin C Req==Rds
: (8)

Rds represents the output resistance of M5 and M6. Tran-
sistors M7 and M8 together with the OTA form a Gm-boosting
structure.

Req D
1

.1 C AV/ gm7;8
: (9)

AV stands for the voltage gain of the OTA. The OTA is im-
plemented using a recycling folded cascode amplifierŒ6�. Com-
pared to the traditional folded cascode amplifier, it provides a
larger GBW with the same current. A 60 dB gain within the
signal bandwidth will lower the Req small enough and hence
achieve a good linearity.

The proposed input resistor array is carefully designed to
provide a 54 dB control range with less than 0.1 dB error.
As shown in Fig. 2, it is a parallel combination of two sub-
networks: one is composed of a parallel unit resistor while the
other is of series one. Except for providing conventional at-
tenuation, the resistor array has some other advantages in opti-
mizing the gain step accuracy. Generally, the resistance of the
parallel network is low, providing small attenuation, and the
series one provides large attenuation. But the accuracy prob-
lem suffers from the on-resistance of switches, especially for
the small attenuation situation. Since the total resistance is low
then, the switch resistance may be large enough compared with
the input array. It hence introduces great errors in the gain step
accuracy, which may be as large as 0.5 dB. In order to satisfy
the accuracy requirement, both parallel and series networks are
used. The parallel network provides the main attenuation while
the series network functions as a fine tuning module on the
gain. As Equation (10) shows, if Rseri is fairly large compared
toRpara, a great change inRseri will only lead to a tiny variation
in Rin. In this design, 6 dB variation in Rseri corresponds to a
variation of around 0.1 dB in Rin.

Rin D Rseri==Rpara: (10)

Furthermore, the single sideband performance like image
rejection ratio (IRR) also benefits from the resistor array. The
resistor array can compensate for the non-ideal effect in man-
ufacture and layout with a 0.1 dB step and hence the IRR can
be reduced to a very low level.
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Fig. 3. Driver amplifier.

Besides the gain control requirement, the noise is also a
tough challenge for low power design. The major noise con-
tributor is the bias transistors of M5 and M6, which contribute
about 80% of the total noise. This is proportional to the gm
since i2

ds D 4KTgm. Lower noise is achieved by a smallerW /L
ratio hence a larger overdrive voltage. Under the 1.2 V supply
voltage, the drain voltage of M5 can be only around 250 mV.
So the W /L ratio of M5 cannot be too small, which will drive
the current source into the linear region. Another contributor is
the switch pair, which contributes noise during the transition
time from on to off. One convenient solution is to shorten the
transition time, which requires a strong clock signal.

3.2. Driver amplifier

The driver amplifier is focused on the good linearity with
relatively low ACLR, especially for a large output signal. It is
realized by cancelling the IM3 product at a large output power.
It also provides a gain control range of 12 dB.

The structure of the driver amplifier is shown in Fig. 3. It is
a class AB amplifier realized using the parallel AB structureŒ7�.
Compared to traditional class AB amplifier, the structure can
provide linearity optimization over a specific input region and
hence be more flexible.

The amplifier is sliced into a number of identical cells
to provide different gains. For high gain mode, all slices are
turned on and consume the largest power. For the other gain
settings, some of the slices are shut down. To achieve a 6 dB
gain control step with a small step error, careful simulation is
done to decide on the number of slices.

The input transistor is divided into two parts, Ma and Mb,
with different DC biases.

I D Idc C Gmvgs C
G0
m

2Š
v2
gs C

G
00

m
3Š

v3
gs C � � �; (11)

where Gm D
dI
dVgs

; G0
m D

d2I

d2Vgs
; G

00

m D
d3I

d3Vgs
.

Equation (11) and Figure 4 show the Taylor expansion of
the I–V characteristic of a transistor. The coefficient of the 3rd
order term,G 00

m, toggles from negative to positive with different
DC biases.

Fig. 4. Expansion coefficient versus bias voltage.

With careful design on the bias voltage and W /L aspect
ratio, IM3 generated fromMa could be cancelled out by the one
from Mb and reduce the IM3 to a very tiny value at a certain
bias region. Usually, one is biased near the ClassA regionwhile
the other is biased near the Class AB or Class C regionŒ7�.

In order to deliver 5 dBm of output power, the supply volt-
age is chosen to be 3.3 V. The cascade transistor Mc improves
the reverse isolation and functions as a switch to control the ac-
tivity of each slice. Considering the RF signal is around 2 GHz,
the gate length of input transistor is chosen to be the minimum
value of the process and the cascade transistor is a thick oxide
transistor.

4. Experimental results

The designed transmitter has been fabricated by a 0.13�m
CMOS process. The die area is 2.2 � 1.3 mm2. A micrograph
of the complete transmitter IC is shown in Fig. 5.

Both single tone and two-tone measurement are adopted to
evaluate the chip performance. The system specifications spec-
ified in the protocol are also measured by applying a QPSK
modulated signal as the input.
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Fig. 5. WCDMA transmitter chip micrograph.

Fig. 6. Measured single sideband performance.

Fig. 7. Measured WCDMA output signal versus UMTS emission
mask.

Figure 6 shows the output spectrum of the single sideband
test. The output power is 6.8 dBm and the image is –55 dBm.
The IRR can be kept below –47 dBc for the entire output range.
The LO leakage is around –30 dBm and will be smaller when
the gain of the driver amplifier becomes smaller.

Figure 7 shows the WCDMA output signal together with
the UMTS emission mask. The measured adjacent channel
leakage ratio is �44 dBc at 5 MHz offset when delivering
6.8 dBm output power, leaving 11 dB headroom for the exter-

Fig. 8. Measured gain step accuracy versus gain setting.

Fig. 9. Current consumption versus gain setting.

nal PA. The measured OIP3 is more than 19 dBm, indicating
good linearity.

The gain step error with different gain settings is shown
in Fig. 8. With the help of the fine tuning input resistor bank,
the step error is kept under 0.1 dB covering the 66 dB control
range, which shows good gain accuracy. Figure 9 shows the
current consumption of the whole system.

The summary for the chip performance is shown in Table 1.
A comparison with two similar circuits is also presented.

5. Conclusion

A linearly high output power transmitter for WCDMA is
presented. The system adopts multi-gate techniques to opti-
mize linearity at large output power and hence achieves a good
ACLR with �44 dBc at 6.8 dBm. When the power is back-off,
the ACLR will drop below �50 dBc, which indicates good lin-
earity and leaves large headroom for the external PA. The sys-
tem also achieves 3.7% EVM at the maximum output power.
A 66-dB dynamic range with a 6 dB step gain control function
is realized and the step accuracy is within 0.1 dB, thanks to the
specific designed resistor array. The image rejection ratio is be-
low �47 dBc for the entire output range and the LO leakage is
�37 dBc @ 6.8 dBm output power.
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