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Abstract: We propose a dual band CMOS power amplifier for mobile WiMAX systems. The power amplifier, combined

with an active matching transformer,is fully integrated and fabricated in a 0. 13um CMOS process. The transformer oper-

ates at dual bands with active matching circuit. The measured result shows that the transformer efficiency of 78. 2% and
70.4% at 2.5 and 3. 5GHz are realized, respectively,and 26. 5 and 24. 8dB gain are achieved. The PAE reaches 20% and
28% at 2.5 and 3. 5GHz, respectively. The third inter-modulation (IM3) is lower than — 30dBc at the 25dBm average

power.
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1 Introduction

As communication technology advanced in recent
years, wireless communication systems have raised a
great demand on multi-band systems. For cost-effec-
tiveness, the design of the multi-band subsystem has
become one of the hot technique trends. Especially,
CMOS power amplifiers try to compete with the
GaAs based technologies in some advanced areas.
Even though few products can be purchased in the
market, the samples in the laboratory are becoming
more mature and promising. To solve the shortcom-
ings of CMOS power amplifiers,a differential config-
uration is widely used to offset the harmonics and the
effect of source inductance, but an obstacle is to de-
sign a proper transformer to combine the power at the
output end" . For the transformer, the low loss,
high impedance transformation ratio, and compact
size are required.

In this paper,a dual band transformer with im-
pedance transformation is first analyzed with even
and odd mode theory. Using the additional lumped
components for matching, the size of the transformer
is reduced greatly, and tuning the capacitance auto-
matically at the output end with a transistor switch,
the transformer matches at the dual operating fre-
quency. Second, we develop a CMOS power amplifier
combined with a dual band transformer that is applied
for mobile WiMAX system demonstration. The line-
arity is a little tight at average power, but still can sat-
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isfy the WiMAX linearity basically.

2 Dual band transformer design

An ideal transformer is a three-port device and
should satisfy the following relations in an S parame-
ter system,

Sy =— 8a @y
Sy, =0 (2)

In order to analyze the transformer with even
and odd mode theory, first, we need transform the
three-port S matrix to four-port § matrix system,and
then we can use S parameters of the four-port S ma-
trix to express a three-port § matrix casily,where S,
and S’,, are defined as the S parameter of the three-
port and four-port § matrix,and m,n =1,2,3, or
40
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Substituting Eqs. (3) ~(5) into Eqgs. (1),(2) and ap-
plying even and odd mode theory on the transformer,
we obtain Eqgs. (6) and (7),where T..., is the trans-

mission coefficient of the even mode circuit™?'.
Teen =0 (6)
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Under the above condition.if we make the T ..,
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Fig.1
(a) Semi-lumped transformer; (b) Even mode circuit; (¢) Odd

Semi-lumped transformer with even mode and odd mode
mode circuit

stop and the even and odd modes impedance match
simultaneously,it will operate as a transformer.

The proposed transformer model is shown in
Fig. 1. The merits of this model is that it always pres-
ents the T.., stop in Eq. (6) and we can shorten the
length of the transmission line by adding some capaci-
tors at the input and output to satisfy the conditions in
Eq. (7). Then it will operate as the transformer.

By deriving the admittance of the even and odd
mode circuit continually, we get the even and odd
mode admittance Y, and Y,, implicit function with
the C,,C,.0,w, Y, and Y, as independent variables
in Eqgs. (8) and (9), where C,, C, are the input and
output capacitors, § is the electrical length, w is the
operation frequency, and Y;, and Y, are the input
and output impedance. All the design factors are in-
cluded in the functions. By adjusting C, and C,, we
can reduce the electrical length to realize it on the
chip level under the condition of Y;, =10Q and Y, =
500, which is shown in Fig. 2. Furthermore,if we se-
lect the proper different capacitance to match at the
different frequency point, we can make the trans-
former operate at dual frequency band.

Yoo = f1(C13Cy4050s Yins You) €]
Yo = [L(C15Cy3050s Yins You) (9
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Fig.2 Z,, and Z,. versus 0

The model of the dual band transformer with ac-
tive matching is shown in Fig.3 (a). To realize the
matching at the output with different capacitances,
we design the switch using a transistor. By making it
operate at the on and off state, respectively, we can
switch between the different capacitances and realize
the matching at different frequency bands. When the
switch is in the off state,the DC bias is 0V and the e-
quivalent capacitance is C, | C, ., which is matched
at 3. 5GHz;when the transistor is in the on state,the
DC bias is 3V .,the capacitor C,, is shorted.and the e-
quivalent capacitance equals C, ,which is matched at
2.5GHz,where the C, = 4.04pF and C,, = 8. 78pF.
The matching impedances are shown in Fig. 3 (b). Be-
cause of the on-resistance of the transistor, the para-
sitic resistance of the capacitor is increased,which in-
creases the loss of the transformer, but it can be re-
duced at the cost of a larger transistor.

3 Schematic design

3.1 Cascode configuration

Because of the low transconductance of the
CMOS transistor, in order to offer enough gain, the
cascode configuration is popular in the CMOS power
amplifier design. The upper transistor of the common
gate configuration can offer higher output impedance
and improve gain,thus 25dB gain can be offered only
by two stages instead of complex three stages, which

is shown in Fig. 4 (a).But this topology has a burden
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(a) Schematic of dual-band transtormer; (b) Matching
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Fig.4 Cascode amplifier (a) Traditional cascode amplifier;

(b) Self-biased cascode amplifier

of gate-oxide breakdown and generates lots of non-
linear harmonics. For improving this, we utilize the
self-bias configuration shown in Fig.4 (b).and the
upper device utilizes a self-bias circuit. It can adjust
the gate bias voltage of the upper nMOS and evenly
divide the drain bias for the upper and lower tran-
sistor. Thus not only the uneven dividing of drain bias
is avoided but also the lowering the burden of gate-
hot-carrier

oxide breakdown and the

[3~

degrada-
tion” . The parameters of the transistor are selected
carefully to consider the breakdown voltage for both
the transistor and the linearity. The finger length of
the upper transistor is 0. 28;m with the thick oxide
nMOS model to enhance the breakdown voltage pres-
sure and the lower transistor is 0. 13um with the thin
oxide nMOS model to maximize the transconduct-
ance. The finger width of the upper and lower tran-
sistor is selected as 6 and 3pm with the consideration
of the small signal performance. The number of fin-
gers is 30 for both. The power cell and driver cell have
the same parameters except the number of unit tran-
sistors. The power cell has 32 units,and the driver cell
has 5 units. All the interconnection lines are simulated
with a 2. 5D EM simulator.

3.2 Input and inter-stage matching

The input balun usually offers enough bandwidth

to cover the target bands, but because the input im-
pedance changes with the frequency, we have to de-
sign the resonant circuit to make it match at different
operation bands. The design is very similar to filter
design,to make the input impedance match the conju-
gate.

The case of inter-stage matching is different
from the input matching, because the output of the
first stage requires the power match but the input
matching requires the conjugate match. Thus it is dif-
ferent from the “filter design.” For the input matc-
hing case, in this project, we use the different length
of bonding wire series with the fixed capacitance for
matching. For the real case,we can replace it with the

varactor to control the matching capacitance™ .

3.3 Schematic design

The schematic and layout are shown in Figs. 5
(a) and 5 (b),in which all the components are fully
integrated including the input balun, output trans-
former,and matching circuits. The drain bias of the
power stage and second harmonic tuning utilizes the
DC virtual ground of the transformer. The size of lay-
out is 1.Z2mm X 2. 0mm including pads. All of the
matching components, including the input and output
balun are fully integrated. The area of the transform-
er is 1. 2Zmm X 0. 6mm including the active matching
switch. The transformer itself is only 0.7mm X
0. 25mm, which is one of the most compact transform-
ers reported. The metal of the signal line and trans-
former are 3. 3pm copper, which employ the top layer

in the process-™.

4 Measurement

4.1 Transformer measurement

The loss of the transformer is measured by a net-
work analyzer HP 8517B system independently. We
cut the connection between the power cell and trans-
former and utilize the pads around the power cells
(the layout is shown in Fig. 5(b)). The transforma-
tion efficiency is 78.2% and 70.4% at 2.5 and
3.5GHz. Compared with the off-chip matching, the
efficiency is lower because of the on-resistance of the
transistor,and we can reduce it further at the cost of a
larger transistor.

4.2 Power amplifier measurement

The drain bias is 2. 5V, and the gate bias of the
power stage and driver stage are 0. 35 and 0. 45V . The
losses of bonding-wires and evaluation printed circuit
board interconnections are included in the measure-
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Fig.5 Dual-band CMOS power amplifier

ment. Figure 6(a) shows the measured gain and PAE  3dB and 10% lower than expectation because the
versus output power. The gains are 26.5 and 24. 8dB  quality factor of the interconnection lines in the real
at 2.5 and 3. 5GHz, respectively. The PAE are 20% case is lower than the 2.5D EM simulator.

and 28% at P1dB,respectively. The gain and PAE are Figure 6 (b) shows the measured linearity with a
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Fig.6 Measurement of CMOS power amplifier (a) Gain and PAE; (b) Third inter-modulation
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S5MHz two-tone signal. IM3 is lower than — 30dBc at
the 25dBm average power and can satisfy the linearity
basically, and it should be verified further with the
mobile WiMAX spectrum analysis, but the spectrum
mask was not available in this experiment.

5 Conclusion

In this paper.a 2. 5 and 3. 5GHz dual band opera-
tion RF CMOS power amplifier is designed, which is
applied on a mobile WiMAX system demonstration.
The operation of the dual band transformer is imple-
mented with the active matching circuit at the output
port. The efficiency of the transformer is 78. 2% and
70.4% at 2.5 and 3. 5GHz and can be improved with
a larger transistor. The gain and PAE can achieve
26.5 and 24. 8dB,20% and 28% at 2.5 and 3. 5GHz,
respectively. The IM3 are lower than — 30dBc at the
25dBm average power for both cases.
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