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Abstract—An integrated switchable transformer for a
reconfigurable dual-band power amplifier (PA) is presented. The
single dual-band PA is fully integrated using a 0.18-um RF
CMOS process. The reconfigurable transformer is designed by
tuning its primary winding and a shunt capacitor at 50 ohm load.
This single PA operates in the S/X-bands and simulated results
show a 1-dB compression output power (P1dB) of 20.5 dBm and
20.63 dBm with a power-added-efficiencies (PAE) of 17.4% and
12.72% at 3.5 GHz and 9.0 GHz, respectively. The 1-dB
bandwidth is 2.4 GHz (7.0-9.4 GHz) for the X-band and 0.2 GHz
(3.45-3.65 GHz) for the S-band. This amplifier with the
switchable transformer can be used for integration in a dual-
band high-resolution radar transceiver.

Keywords—CMOS, dual-band, power amplifier (PA), radar
transceiver, reconfigurable, switchable transformer.

L.

To allow the interpretation of complex scenes, multi-band
radars take advantage of the differing characteristics of
environment and targets according to exploited carrier
frequencies. For example, signals in the S-band have strong
immunity against severe weather and atmospheric attenuation.
On the other hand, frequencies in the X-band are often used
for highly resolved target imaging [1], [2]. Achieving dual-
band functionality has been challenging, especially for fully
integrated CMOS power amplifiers (PAs), due to low
breakdown voltage and a low quality-factor. Most updated
multi-band PAs are not appropriate for radar systems because
the aforementioned frequency bands are far apart and multiple
PAs are optimized at each target frequency [3].

INTRODUCTION

There have been several approaches to implement multi-
band and broadband characteristics in a single PA. One
approach is to employ a transformer-based high-order output
matching network or a stacked stepped-impedance (SSI)
transformer to accomplish the wideband operation [4], [5].
However, using this approach, it was found that passive
efficiency rapidly decreases and load matching cannot be
maintained at lower bands. Some studies have used
parallel/series resonant LC structures or an off-chip combiner
[6], but these approaches are not suitable for single-chip
integration and low-cost implementation.

In this paper, we propose a single dual-band PA with a
reconfigurable output matching network. The dual-band
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Fig. 1. Simulated load-pull contours at 3.5 GHz and 9.0 GHz.
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Fig. 2. Equivalent circuit for the on-chip transformer.

matching network is realized by introducing a switchable
transformer that can tune the primary inductance of the
transformer, and a shunt capacitance at 50 ohm load. Since the
highest peak efficiencies of the designed transformer are 57%
and 71% for S/X-band operation, the dual-band PA delivers a
1-dB compression output power (P1dB) of over 20 dBm and a
maximum power-added-efficiency (PAE) of over 20% with
1.8V/3.6V supply for driver/main amplifier.

II. DESIGN OF DUAL-BAND CMOS PA

A. Impedance Transformation

For a given power device and technology, the maximum
output voltage is constrained by the device's breakdown and
the maximum output current is limited by the device size and
input voltage drive. Assuming class-A operation, for
maximum output power from a given device, the optimum
load presents an equivalent inductance L, to resonate with the



device nonlinear output capacitance Cuevice at the operating
frequency w and a parallel resistive part Ropr, determined by
the following two equations:
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where Vimee represents the finite knee voltage of the power
device. Given that Repr and Cuevice are independent of the
operating frequency as in [7], the optimum load impedance
moves on a conductance circle with I/Rqp: (Fig. 1) and a
smaller L is required as the frequency increases. This scenario
is quite different from a situation with multi-mode operation
for back-off efficiency [8].

In this paper, a high-Q transformer and additional
capacitors (C; and C2) are used for an output matching
network, its equivalent circuit is shown in Fig. 2. L7 and L: are
the primary and secondary winding inductances of the
transformer, respectively. R; and R: represent the parasitic
resistances of the primary and secondary windings,
respectively. M represents the mutual inductance of L; and L.
Z1oaa of Fig. 2 can be calculated as follows:
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Fig. 3. Normalized Z; ¢ with the variations of L;, L,, C; and C, at 3.5 GHz
and 9.0 GHz.
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Fig. 4. Normalized Z .4 with the optimized L;, L,, C; and C, according to
frequency (1.0-11.0 GHz).
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Assuming the coupling factor k is 0.7 and the parasitic
resistances of the windings are expressed as Ri=wL1/Q and
R>=wL»/Q while the quality factor (Q) is 10, the transformed
impedance Zioa« was simulated for the two cases and
illustrated in Fig. 3. First, ZLoa is calculated with varying Ci
and C: at 9.0 GHz when Cr and C: vary from 0.1 to 1.5 pF and
from 0.55 to 1.45 pF, respectively. With the selection of L;
(0.545 nH) and L2 (1.11 nH), the matching network cannot
provide optimum load impedance for the S-band. Second,
Z1oad 1s calculated with varying L;, Cz and fixed C1 (0.4 pF)
for each band when L; and C: range from 0.3 to 1.5 nH and
from 0.55 to 1.45 pF, correspondingly. If L; is increased for
the lower-band, the real and imaginary part of Ziew is
increased while C: provides precise control of Ziews at
optimum load impedance. Therefore, L;and C: are designed to
be switchable to yield optimum Zroaa at the S- and X-bands, as
shown in Fig. 4.

B. Reconfigurable Dual-Band Transformer

In this section, we suggest a switchable transformer for a
dual-band matching network. The proposed reconfigurable
matching network (illustrate in Fig. 5) employs two switches,
S1 and S2, to realize optimum impedances of the S/X-bands.
S1 is located on the primary winding of the transformer, and is
connected in parallel to an additional inner winding. S2 is
applied to a shunt capacitor in series, which is connected to the
secondary winding of the transformer. The switchable
transformer is embodied as shown in Fig. 6(a). The primary
part is split into two lines and intertwined around the two
parallel-connected secondary parts to improve the coupling
factor. With the inner turn inductor, the primary inductance
increases for the lower-band. In order to avoid the generation
of parasitic capacitance, there exists a gap of 29 um between
the secondary winding and the inner turn inductor, which
keeps the high efficiency at the higher band. Details for the
designed transformer are presented in Table. 1.

For the X-band, S1 is turned on and S2 is turned off to
achieve low load impedance. On the other hand, S1 is turned
off and S2 is turned on for the S-band. When designing the
switchable matching network, two main issues related to
handling with high-power should be considered. One is the
capability of power-handling for the OFF-state and the other is
the power loss from parasitic resistances of the switches in the
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Fig. 5. Schematic of the reconfigurable dual-band output matching network
with one single PA.
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Fig. 6. (a) Physical layout of the output matching network. (b) Passive
efficiency for each band operation.

TABLE L DETAILS FOR THE DESIGNED TRANSFORMER
Primary Secondary Inner primary Spaci Top metal
width (M6) | width (M6) | width M5&M6) | P8 | thickness
10 um 10 um 20 um 6 um Al-4.6 um
TABLE II. BiAS CONDITIONS ACCORDING TO THE BANDS
Band Vo1, Vsi V1 Var Vsa, Va2 Va2
S-band VDD 1.0V 1.0V GND 3.0V
X-band VDD 1.0V 6.0V GND 2.0V
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Fig. 7. Normalized Z;q of the designed transformer in compliance with
frequency (2.0-11.0 GHz).

ON-state. For the OFF-state of S1 and S2, V4.8 and Vb2 are
nearly 4V, so the switches can be implemented as a single
thick gate-oxide transistor. However, S2 was implemented by
two stacked thin-gate transistors to reduce the parasitic
capacitance. When considering the gate width of transistors
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due to on-resistance (Rox), the parasitic capacitance (Cus)
cannot be ignored for the OFF-state. The trade-off of Ro» and
Cus results in an optimum device width and balances the
effects, as shown in Fig. 6(b) and Fig. 7. The gate width of
transistor S1 is 4.608 mm with a length of 0.35-pm, which has
Cus of 1.8 pF and Ron 0of 0.6 Q. The passive power efficiencies
of the transformer with S1 are 57% and 71% at 3.5 GHz and
9.0 GHz, respectively, which are competitive with other
results [9]. For the two series-connected transistors of S2, the
gate width of each transistor is 1.12 mm with length of 0.18-
pum. The OFF-state capacitance of the two-stacked transistors
is 0.35 pF. The bias conditions according to each band are
described in Table. II.

C. Circuit Schematic of the Two-Stage Dual-Band PA

The circuit schematic of the two-stage reconfigurable dual-
band CMOS PA with the proposed output matching network is
presented in Fig. 8. A differential cascode structure is applied
to the driver and main stage to moderate the voltage stress in
each transistor, which has a low breakdown voltage, and to
achieve a larger gain. Although the differential cascode
topology can reduce the effects of the bonding wires at the
source of the common source, the dual-band PA presented
here employs series-resonance circuits for the higher band in
order to alleviate the asymmetric effects of the output
matching network. For the driver stage, the gate length of
transistors is 0.18-um, and each total gate widths of the
common source/gate are 648 um with a supply of 1.8V. For
the main stage, the total gate widths of the common
source/gate are 1024/1152 um with gate length of 0.18/0.35-
pm with a supply of 3.6V.

A common source switch with a series capacitor is
designed for the reconfigurable dual-band operation and this
combination is applied to input and inter-stage matching. For
the S-band, SW1 and SW2 are turned on and the inter-stage
matching network is composed of a shunt inductor, a series
capacitor and a parallel resonance. In the OFF-state for SW1
and SW2, a series capacitor among two parallel shunt
inductors is shown at the inter-stage matching network for the
X-band. Each gate width of SW1 and SW2 with the thin oxide
is optimized as 256 um and 1152 um, respectively. The SW2
has Cus of 0.53 pF and R.. of 0.6 Q. Additionally, a deep N-
well is employed in all transistors of the PA to reduce the
noise and signal coupling with other components on the
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Fig. 8. Schematic of the two-stage reconfigurable dual-band CMOS PA.
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silicon substrate.

III. SIMULATION RESULTS

The proposed S/X dual-band PA is fully implemented in
0.18-um 1P6M RF CMOS process which provides 4.6 um-
thick aluminum as a top metal and MIM capacitors with 2.0
fF/mm?. For the S-band, the amplifier consumes 99 mA of DC
current: that is, 78 mA for the power stage, and 21 mA for
driver stage are drawn. For the X-band, the total DC current is
148 mA: 109 mA for the power stage and 39 mA for the driver
stage. The load impedances of the proposed output matching
network applied to the dual-band PA are presented in Fig. 9
for switches' operation and located well at targeted load
impedances.

Fig. 10 shows that 1-dB compression output power is 20.5
dBm and 20.63 dBm, with PAE of 17.4% and 12.72% at 3.5
GHz and 9.0 GHz, respectively. For both two frequencies, a
saturated output power (Psa) is more than 21 dBm and a max

0.5 1.0 2.0 5.0
-~ Pout Contours at 3.5 GHz (0.2 dB step)|
~ ~ - Pout Contours at 9.0 GHz (0.2 B step)|

* Z,,,at3.5GHz(SI: OFF/S2: ON) |

A 7, at9.0 GHz (S1: ON/S2: OFF) |
@ 7,,at35GHz(SI1: ON/S2: ON) |

-0.2)

1.0j

Fig. 9. Normalized Z; ,,q with respect to the switches’ operation.
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PAE is more than 20%. As illustrated in Fig. 11, the 1-dB
bandwidth is 0.2 GHz (3.45-3.65 GHz) for the S-band and 2.4
GHz (7.0-9.4 GHz) for the X-band. In comparison with the
other fully integrated CMOS PAs operating in the X-band, this
amplifier shows competitive simulation results even though it
achieves dual-band function.

IV. CONCLUSION

In this paper, a single reconfigurable dual-band PA is fully
integrated in 0.18-um 1P6M RF CMOS technology. An
integrated switchable transformer, which is a key element of
the PA, was studied in terms of an equivalent circuit, optimum
load matching, efficiency, transistors for high-power switches
and so on. The suggested PA, which consists of two
differential stages with input, inter-stage, and output matching
network, operates at S/X-bands. Simulation results show that a
P1dB of 20.5 dBm and 20.63 dBm with PAE of 17.4% and
12.72% at 3.5 GHz and 9.0 GHz, respectively. Additionally,
the PA provides a Psa of over 21 dBm and a max PAE of 20%
for the S/X-band. The simulated 1-dB bandwidth is 0.2 GHz
(3.45-3.65 GHz) and 2.4 GHz (7.0-9.4 GHz) for the S- and X-
band, respectively. Considering the specifications, this
amplifier is possibly suitable for use in a dual-band high-
resolution radar system.
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