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Design methodology for a switching-mode
RF CMOS power amplifier with an output

transformer

CHANGHYUN LEE AND CHANGKUN PARK

In this study, we propose a design methodology for a switching-mode RF CMOS power amplifier with an output transformer.
For a given supply voltage, output power, and target efficiency, the initial values of the transistor size, output inductance, and
capacitance can be sequentially determined during the design of the power amplifier. The breakdown voltage of the power
transistor is considered in the design methodology. To prove the feasibility of the proposed design methodology, we provide
the design example of a 2.4-GHz switching-mode CMOS power amplifier with 180-nm RF CMOS technology. From the mea-
sured results, the feasibility of the proposed design methodology is proved.
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. INTRODUCTION

Recently, various RF CMOS power amplifiers have been intro-
duced that boast lower costs and offer a greater possibility for
integration with digital and analog circuits as compared to
power amplifiers fabricated using a compound semiconductor
[1-12]. Unlike power amplifiers using a compound semicon-
ductor, the CMOS power amplifier uses a differential structure
to utilize the virtual ground [13, 14]. Accordingly, the input
and output baluns in the CMOS power amplifier are essential
for the RF front-end, where single-ended signals are used. In
general, output baluns are designed using transformers. In
the differential power amplifier, the parasitic components of
the transformer can be utilized as the components of the
output matching network, whereas the transformer itself
acts as the output balun [15, 16]. In a variety of previous
works in which the transformer is used as an output balun,
the output matching network has been completed with a
transformer and two additional capacitors, as shown in
Fig. 1. As depicted in Fig. 1, the output matching network
can then be very simple if the transformer is used as the
output balun. Based on the structure of a CMOS power amp-
lifier using a transformer, as shown in Fig. 1, various modifi-
cations have been proposed [17-23]. Basic equivalents of the
CMOS power amplifiers can be represented as shown in Fig. 1.

Additionally, a distributed active transformer (DAT) has
been introduced to elevate the output power and efficiency
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of CMOS power amplifiers [7]. The DAT can be used as
part of a power-combining method to maximize the perfor-
mances of multiple differential pairs of power stages.
Figure 2 shows a simplified structure of the power amplifier
using a DAT.

In this study, we propose a design methodology for a
switching-mode CMOS power amplifier in which the
output transformer is utilized as the output balun. The pro-
posed methodology takes into consideration the breakdown
voltages and optimum size of the power transistor of the
power stages. Additionally, a technique to determine the
initial values of the capacitor and the parasitic inductance
of the output transformer is included in the proposed
methodology.

I. PROPOSED METHODOLOGY

Figure 3 shows a simplified schematic of the power stage and
the output matching network of a switching-mode RF CMOS
power amplifier using a transformer as an output balun.
Although we draw the power stage using a simple common-
source structure, the power stage can be designed using a
cascode structure. Essentially, the transformer converts the
differential signal into a single-ended signal. The output
matching network is completed using the parasitic induc-
tances of the transformer and two additional capacitors. In
general, the load impedance, R;, of the power amplifier is
designed to be 50 €.

For the sake of simplicity of the analysis, we represent the
schematic in Fig. 3 as an equivalent circuit using the half-
circuit concept, as shown in Fig. 4(a). The capacitance, Cp,
connected between the drains of the differential transistors,
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Fig. 1. Simple block diagram of a typical CMOS power amplifier using a transformer as an output balun.
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Fig. 2. Simple block diagram of a typical CMOS power amplifier using a DAT.
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Fig. 3. Simple schematic of the power stage of a typical CMOS power amplifier
using a transformer as an output balun.

is converted according to the formula C = 2Cf, as shown in
Fig. 4. Although the coupling factor k between the primary
and the secondary parts of the transformer in Fig. 3 is
always lower than one, we assume that the value of k is one
to simplify the analysis. Hence, Z; jvp in Fig. 3 can then be
expressed as a parallel connection between R; ppr and L,
where R; prr and L are the equivalent load impedance and
the inductance of Z; ;yp in Fig. 3, respectively [11]. If the
turn ratio of the transformer is one with k = 1, R; grr and L
in Fig. 4 become half of R; in Fig. 3 and the inductance of
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Fig. 4. Simple block-diagram of a typical CMOS power amplifier using a
transformer as an output balun.

the primary part of the transformer, respectively.
Additionally, given that the power amplifier operates in the
switching mode, the transistor in Fig. 4(a) can be modeled as
a switch with the on-resistance, Roy, of the transistor, as
shown in Fig. 4(b). We summarize the assumptions made in
the analysis of the proposed design methodology as follows:

(1) Coupling factor (k): 1;
(2) Turn ratio of the output transformer: 1.

A) Determination of N and Ry grr

As depicted in Fig. 4, N is defined as the number of differential
pairs of the power stage. The output power, Poyr, of the power
amplifier can then be represented as follows:

Poyr = 2NPynir- (1)

Here, Pyyyr is the power generated in each half-circuit of
the power stages [22]. With the assumptions described
above, the effective load resistance of each half-circuit and
Pynir are represented as follows:

Ry g = 2L

LEFF = o
Vip ’
Punr =amynir Ripmr

Here, a and myn;rare the coefficients according to the type
of amplifier and the efficiency of each half-circuit, respectively.
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For example, if the designed power amplifier is a class-E amp-
lifier, then « is 0.577. The Poyr in equation (1) can then be
obtained with the following equation:

VZ 2
Poyr = aTITOTALZNR PP = ampora 4N? RDD- (3)
P L

In this equation, Mrorar is the overall drain efficiency of
the power stage [22]. In general, R is 50 () for a RF system.
Thus, if the targets of the output power and drain efficiency
are determined, N can then be determined as follows:

R, P
N=_" ZLrour (4)
2Vpp \| @NroraL

With the determined value of N from equation (4) the
desired values of Pyyyr and Ry prr can easily be calculated
using equation (2).

B) Determination of the transistor size

Generally, the on-resistance Rpy is designed to be much
smaller than the R; ppr value for high efficiency at the
maximum output power of the power amplifier. The relation-
ship between Ry and Ry ppr can then be defined as

Ry err = SRon, (5)

where S’ is the proportional constant for Ry grr and Roy. For
example, S is designed to be higher than ten for a general
power amplifier to maximize the drain efficiency at the
maximum output power.

C) Determination of the inductance L and
the capacitance C

With the assumptions described above, the inductance L and
capacitance C are determined by the operating frequency and

breakdown voltage of the transistor used. The operating fre-
quency f can then be defined as

1
2m/LC

f (6)

Additionally, because the peak energy stored in the induct-
or is identical to that in the capacitor, the relationship between
the peak current i, through L and the peak voltage Vieax
across C can then be described as

1. 1.,
_Llpeuk =7 Cvpeak = Vpeak
2 2
1 ipeak 27TfLi @)
= — = k-
amf C bea

The current, i(t), through L can be represented as follows:

i) = i(20) + [i(0) — i(o0)] exp(~ )

)
T

(8)
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L L
T= o =, (9)
Ron//Rrerr - Ron
V V
i(00) = 2o DD (10)

Ron//Rigrr  Roy’

Here, 7is a time constant. In equations (9) and (10), Ron //
Ry prr is approximated as Roy given that Roy is at least ten
times smaller than R; prp. In equation (10), we assume that
i(0) is zero; the phase of the resonant current in the LC reson-
ant circuit is zero at t = o. Accordingly, the peak current i,cqx
appears at t = 0.257T, where T is the period. The i, value can
then be calculated as

o)) 22 -5

From equations (7) and (11), the peak voltage v across
the capacitor is calculated as

Voeak = Zﬂfl@ <1 — exp(—Rﬂ>>
pea Ron 4fL

To remove the reliability problem, the inductance L is
designed for v,cq« to be lower than the breakdown voltage of
the transistor. After determining L, the capacitance C can be
determined using equation (6).

(12)

1. DESIGN EXAMPLE: A2.4-GHZ
SWITCHING-MODE CMOS POWER
AMPLIFIER

To verify the feasibility of the proposed design methodology,
we design a 2.4-GHz switching-mode CMOS power amplifier
as a design example. The amplifier is fabricated using 0.18-um
RF CMOS technology. Spiral transformers are used as the
input and output baluns. The cascode structure is adapted
to moderate the low breakdown voltage problem associated
with CMOS.

A) Determination of the key design
parameters through the proposed design
methodology

Figure 5 shows the design flow of the power amplifier, which
is designed as an example using the proposed design method-
ology. First, the designed target and conditions are checked to
determine the design parameters of the amplifier, as shown in
the first step of Fig. 5. From the design targets and conditions,
we determine the number, N, of differential pairs of the power
stage. Although the calculated N is 0.81 from equation (4), we
determine N to be 1 given that it must be an integer. With an
Nof 1, Ry grr of equation (5) is approximately 25 ). Roy must
then be designed to be lower than 2.5 (). The values of L and C
are determined incrementally, as shown in Fig. 5.

We design the power amplifier with the determined key
design parameters shown in Fig. 5. Given that we use a
cascode structure in the power stage, Roy needs to include
the on-resistances of the common-source (Mcs) and

473


https://doi.org/10.1017/S1759078715001415

CHANGHYUN LEE AND CHANGKUN PARK

Design Target and Condition
133V

Supply Voltage (V50)
Frequency (£) 124 GHz

Target Efficiency (7) :>0.3(30%)
Max. Output Power (Ppy7) : > 0.1 W (20 dBm)

Load Resistance (R;) 1500
Type of amplifier : Class E ( «=0.577)
Peak Voltage ( Vpex) : 5V (for Cascode Stru.)

Y
Determination of Number of Differential Pair

Related Equation : Eq. (4)
Calculated ¥/ = 0.81
Determined N=1

A J
Determination of Ry ger

Related Equation : Eq. (2)
Calculated Ry gr=25Q

A J
Determination of Transistor Size

Related Equation : Eq. (5)
Calculated Roy = 2.5 Q(@ V55=0.7 V,V5c=3.3 V)

Y
Determination of L at the Drain node

Related Equation : Eq. (12)
Calculated L ~ 1.75 nH

A J
Determination of Cat the Drain node

Related Equation : Eq. (6)
Calculated Optimum C= 2.5 pF (> G-= 1.25 pF)

L A
Tuning & Optimization

Fig. 5. Design flow chart using the proposed methodology.

common-gate (M) transistors. In this study, the gate bias of
Mcgis 3.3 V (=Vpp). If the peak voltage at the gate of the Mg
reaches 3.3 V, Roy can be calculated with a common-source
transistor gate voltage of 3.3 V. Figure 6(a) shows the simu-
lated Roy of the designed power stage. The gate lengths of
Mcs and Mg are 0.18 wm and 0.35 pm, respectively. The
total gate widths of Mg and M¢g are designed for Roy to
be nearly 2.5 (), as shown in Fig. 6(a).

Figure 6(b) shows the calculated value of V. at the drain
node of the cascode according to Roy and L. As shown in
Fig. 6(b), the proper value of L is approximately 1.75 nH
with a previously determined Roy of 2.5 ). Although we
can choose a value of L higher than 1.75 nH, the loss increases
as the required inductance is increased. Thus, we design the
primary part of the output transformer to be around
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Fig. 6. Simulation results to determine the design parameters: (a)
on-resistance, Roy, of the power stage; (b) peak voltages, Viear, according to
the Roy and L; and (c) inductance, L, of the primary part of the transformer.

1.75 nH. Figure 6(c) shows the simulated inductance, L, of
the primary part of the designed output transformer. To
obtain the desired inductance of the primary part, we vary
the length and width of the metal lines of the transformer.
The parasitic components, mutual inductance, and load
impedance are included in the simulated inductance, L,
shown in Fig. 6(c).
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Fig. 7. Design example: schematic of the designed power amplifier using the Output Power (dBm)
proposed design methodology. (b)

B) Design of the fully integrated 2.4-GHz
power amplifier

Figure 7 shows a schematic of the designed power amplifier
using the proposed design methodology. Although the initial
values of the key design parameters are determined using
the proposed design methodology, additional tuning and opti-
mization steps are required because the methodology includes
the assumptions described in Section II. For example,
although the calculated Cr from Fig. 5 is 1.25 pF, ultimately
the value of Cr used is 1.4 pF as a result of the optimization
of the amplifier. In this work, an additional MIM capacitor

Input
Transformer Ves

GND  Vgc

Fig. 9. Measured results: (a) output power and efficiency according to the
operating frequency and (b) efficiency versus output power.

for Cspyne is not used because the parasitic capacitance of
the designed output transformer is sufficient for Cgy,,.r.

C) Measurement results

Figure 8 shows a chip photograph of the designed power
amplifier. The chip size is 1.4 X 0.6 mm? All of the input
and output matching networks, transformers, and test
pads are fully integrated. Figure 9(a) shows the measured

Qutput
Transiormer
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Fig. 8. Photograph of the designed power amplifier.
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Table 1. Comparison of switching-mode CMOS power amplifiers.

[24] [25] This work*
Freq. (GHz) 2.45 2.40 2.40
Tech. (nm) 130 CMOS 90 CMOS 180 CMOS
Gain (dB)* - - 13.26
Poyr (dBm)* 27 26.3 23.26
PAE (%)* 32" 33 35.19
Size (mm?) 2.0 X 1.0 1.875 X 1.0 1.4 X 0.6

*In the saturation condition.
tDrain efficiency.
$Single stage.

output power and power-added efficiency (PAE) according
to the operating frequency with a fixed supply voltage,
Vpp, of 3.3 V. Although we used the drain efficiency in
the theoretical analysis, the PAE is used in the measured
results. Given that the PAE includes the effects of the
input power in the calculation of the efficiency, the PAE
is more popularly used when comparing the efficiencies of
various power amplifiers as compared to the drain effi-
ciency. Moreover, the PAE value is slightly lower than
that of the drain efficiency. As provided in Fig. 9(a), the
output power and PAE at 2.4 GHz are 23.26 dBm and
35.19%, respectively. Given that the value of N used is
higher than the calculated N of 0.81, we obtain higher
output power and a higher PAE value relative to the
target values. Figure 9(b) shows the PAE versus the output
power when Vpp ranges from o.5 to 3.3 V.

Additionally, the degradation of the output power with
time is measured to check the robustness against changes in
the temperature. With continuous-wave input power, the
output power is degraded by approximately o.1 dB over a
time of 60 min. Table 1 summarizes the measurement
results and compares them with previously reported results
with a 2.4 GHz switching-mode power amplifier.

I'vV. CONCLUSION

In this study, we proposed a design methodology for a
switching-mode RF CMOS power amplifier to obtain the
initial values of key design parameters in the first step of
the design of the amplifier. The methodology considers the
peak voltage of the drain node of the amplifier as well as
the number of differential pairs of the power stages.
Although additional tuning is required after the determin-
ation of the key design parameters through the methodology,
the methodology successfully provides reasonable initial
values of the parameters. From the design example of a
power amplifier, the feasibility of the proposed methodology
is proved.
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