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ABSTRACT Using the stacking technique in CMOS technology for Power Amplifiers (PAs), allows the use
of a higher supply voltage. This facilitates achieving a higher voltage swing, and delivering more output
power while maintaining a high efficiency. This work presents an improved 2-stacked cascode class-E PA at
28 GHz. Unlike existing topologies, a switching input signal is not only applied at the input transistor, but also
at the cascode transistor with an added delay. The design was fabricated in 22 nm FDSOI CMOS technology
by GlobalFoundries that offers high performance especially at mm-wave frequencies. Measurement results
of the cascode Class-E Power Amplifier achieves a peak PAE of 28%, and 41% DE. The switched-cascode
topology showed an improved peak PAE of 35% and DE of 45%. Measured power gain was 8.5 dB with
saturated output power (Pga) of 13 dBm. This work reports the best Drain Efficiency (DE) and FoM for a
fully integrated PA at 28 GHz in 22 nm FDSOL

INDEX TERMS Class-E, FDSOI CMOS, high efficiency, power added efficiency (PAE), power amplifier

(PA), millimeter-wave, stacking.

I. INTRODUCTION

The large unused available bandwidth in the mm-Waves and
sub mm-Waves bands (24-100 GHz) has driven a higher de-
mand for high data rate, high efficiency, and high integration
transceiver systems that are able to deliver high output power.
Intrinsically, Power Amplifiers (PAs) consume the most power
in a transmitter system; their performance and design is instru-
mental to the overall performance and reliability of the system
[1]. The challenge with designing PAs is maintaining high
efficiency while delivering high output power [2]. This usually
results in a design trade-off between the two. As more wide-
band commercial wireless communications (such as 5G and
6G), at mm-Wave frequencies, utilize Orthogonal Frequency
Division Multiplexing (OFDM) to provide a more spectral ef-
ficient digital modulation. Hence the efficiency/output power
capabilities trade-off becomes more critical [3]. Tradition-
ally, III-V technologies have been the preferred choice for
high power applications involving PAs [4], owing to their

high-power capabilities. However, with an increased demand
for higher integration, advancement in scaled CMOS tech-
nologies has allowed the advent of transistors with higher
fr > 300 GHz and fj,x >400 GHz. But, these technologies
still suffer from a limited breakdown voltage which limits
the output swing, and low gain devices which limits the
Power Added Efficiency (PAE) of the PA. Moreover, the poor
quality factor of the on-chip passives [5], [6], contributes
further to lowering the PAE. Typically, traditional linear PAs
(such as class AB), operate in the back-off region from the
maximum output power [7] for being able to accommodate
large Peak Average Power Ratio (PAPR) QAM/OFDM mod-
ulated signals. In back-off, the efficiency dramatically drops.
Multiple techniques were used in literature to increase the
output power of linear PAs. Combining multiple PA’s intro-
duces the problem of low efficiency associated with on-chip
combining techniques. One of the most interesting efficiency
enhancement techniques is the stacking technique. Stacking
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multiple devices gives the freedom of increasing the supply
voltage resulting in a larger output swing. Stacking in SOI,
and FDSOI technologies has been studied extensively in [4],
[5], and [8], [9], [10] as they’re more power efficient. Aside
from the stacking technique, there has been a growing interest
towards non-linear switched mode CMOS PAs for mm-Wave
applications. These PAs are usually more efficient that the
linear counterparts due to their theoretically lossless operation
[11]. The class-E PA has been of particular interest due to its
simpler output matching network. However, challenges arise
due to the lack of ideal square wave signals to drive the PA
resulting in soft switching, and low PAE attributed to switch-
ing losses [5], [12]. It is also difficult to obtain ideal Class-E
efficiency since the operating frequency is close to devices’
fr. However, an almost Class-E operation can still be obtained
[13]. This paper discusses the application of a switched mode
Class-E PA implemented in 22 nm FDSOI technology. The
Class-E PA relies on switching not only the input device,
but also the stacked device with a 50% duty cycle signal
in order to minimize the overlap between the output voltage
and current. This tweaking of the delayed phase will result in
more control over the power consumption and hence the DE,
and PAE. The proposed PA can be applied to QAM/OFDM
signals if it is a part of a Doherty configuration as an auxiliary
PA instead of the classical Class-C amplifier. Section V will
conclude the paper; the rest of the paper is organized as fol-
lows: Section II will cover the stacking technique and current
state of the art designs specifically related to switching PA’s,
followed by Section III which discusses the switched-cascode
class-E PA design and architecture. Finally, Section IV will
present the implementation and measurement.

Il. STACKING TECHNIQUE

The stacking technique involves stacking equal size transistors
where only the bottom device is driven by the input. The
stacked devices turn on and off due to the swing of the in-
termediate nodes. The output matching network is connected
to the drain of the top-most (cascode) device. In the stacking
technique, the maximum AC swing becomes =~ N * VDD
where N is the number of stacked devices, VDD is the nominal
supply voltage of the technology [4]. Therefore, theoretically,
the output voltage swing can be N times higher for N number
of stacked devices since the stress is shared similarly among
the stacked devices. In consequence, we get more power and
improved DE and PAE. The cascode device is a common gate
device with a DC bias and AC ground; it acts as a load to in-
crease output impedance. A small capacitor can be connected
to the gate to allow some swing. In a stacked configura-
tion, the gate of the stacked device is connected to the DC
bias through a resistor and to GND through a capacitor. The
stacking technique employed for RF frequencies in FDSOI
and SOI devices has been studied in multiple papers. This
is due to the fact that SOI technologies do not suffer from
the junction breakdown voltage issues present in bulk CMOS
technologies. The stacking technique in SOI technologies has
been explored in linear PA designs such as in [8], [9] where, in
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FIGURE 1. Class-E schematics.

addition to stacking, a popular efficiency enhancement archi-
tecture (Doherty PA) in 45nm SOI was employed. Stacking
has also been investigated in some nonlinear switching-like
PA’s in [4], [14], [15]. Most of these studies focus on applying
the input signal only to the bottom input transistor in a stacked
topology. Applying a stacked technique in a switching PA
where the switching is applied to all stacked transistors is yet
to be explored more extensively. Such work was presented in
[16] where 45nm SOI was used to implement a multi-output
stacked Class-E amplifier at 45 GHz. Each stacked device is
driven by a 50% duty cycle signal where the voltage swing
is divided between the devices equally. Our work, however,
employs distributed elements in the form of transmission lines
instead of poor- quality passive components and introduces a
new delay element in the cascode (stacked) amplifier as shown
in Fig. 4 which, in turn, improves the overall efficiency. In this
paper; two measures of efficiency will be used. Power Added
Efficiency (PAE) and Drain Efficiency (DE).

1ll. POWER AMPLIFIER DESIGN AND ARCHITECTURE

A. CLASSICAL CLASS-E

The classical Class-E PA in Fig. 1 consists of three main
design configurations: The input matching, output matching
network needed to transform the 50 €2 load impedance to the
correct impedance for Class-E operation, [17]. In an ideal
class-E amplifier, the transistor acts as a switch driven with
50% duty cycle.

Traditionally, the Class-E topology uses the stray capaci-
tance and an inductor for an output network. Transmission
lines with characteristic impedance of 502 can be used
instead of inductors, as in Fig. 1(b). One of the big disad-
vantages of the Class-E amplifier is that the voltage swing
across the device is very large, nearly 2VDD, and hence, the
stacked Class-E amplifier was explored in order to overcome
this issue.

B. CASCODE CLASS-E

In the cascode Class-E topology in Fig. 2, a transistor of
the same size is stacked above the input transistor. The in-
termediate node should be able to sustain Class-E voltage
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FIGURE 2. Schematic diagram of cascode class-E.
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FIGURE 3. Drain current and voltage waveforms of top and bottom
cascode class-E PA. The current and voltage show a non-overlapping
pattern exhibiting a class-E performance. Voltage scaling is also evident
from the drain voltages of the input and the stacked device.

swings. The amplitude should also be scaled in a way that the
voltage is shared equally among both devices. In the 22 nm
FDSOI technology, the nominal operating voltage of each
device is 0.8 V. To achieve sustained device performance, the
maximum swing across each transistor should never increase
beyond 2xVDD. Fig. 3 shows the voltage and current swings
across the cascode transistor (M2 in Fig. 2) and the voltage
swing across the input transistor (M1 in Fig. 2). It can also
be observed, from the waveforms, that the overlap between
output voltage and current is minimal which results in a higher
efficiency resembling class-E mode of operation. A tuning
shunt-inductor can also be added at the intermediate node in
order to improve the voltage swing to match a more ideal
Class-E operation. However, this technique requires a much
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FIGURE 4. Schematic diagram of switched-cascode class-E PA. The
cascode transistor has a switching input with a 50% duty cycle. The phase
of the input is controlled using the delay element 6;p.

bigger area (due to the inductor) which also has a limited qual-
ity factor. A series DC-blocking capacitor needs to be added,
which has a poor- quality factor at mm-wave frequencies [16].

C. SWITCHED-CASCODE CLASS-E

The switched-cascode Class-E PA is based on switching not
only the input transistor, but also the cascode transistor. It
also includes adding a delay between the signals applied to
the gates of the two transistors in such a way that varying
the delay, would vary the overlap between the output voltage
and current waveforms and hence vary the efficiency. The
schematic of the switched cascode class-E amplifier is shown
in Fig. 4. The delay element is added between the input and
the cascode transistor and is varied in order to achieve a higher
PAE. The cascode transistor is biased in such a way that
the transistor is never fully off; hence reducing the OFF-ON
switching delay. For simplistic analysis, the output and input
devices are represented as lossless switches with an output
capacitance of C, 12) and an ON resistance of Ron n) where
n denotes the nth transistor in a stack. The output capacitance
Co.2 can be represented as:

Conr=Cyp~+Cgip (1)

where Cq is the drain-to-ground capacitance of the stacked
device, and Cgq is the gate-to-drain capacitance of the same
device. For efficiency analysis, we can define the currents
through the output transistor. The load network current during
the ON cycle of the transistor can be defined as:

li0aq = i2c0s (wot + 62 + 6;p) (2)

Where 6,is the phase shift due to a complex load and 6,p is
the delay introduced by the delay element at the gate of M2.

Hence, the current through the output switch can be defined
as:

b = Iepoke — lioaa (3)
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TABLE 1 Comparison With State of the Art

Freq. Psat Peak PAE Gain
Ref. Technology EoM Class of Operation
(GHz) | (dBm) | (%0) (%0) (dB)
This work 22nm FDSOI 28 13 41 28 85 135 Class-E, Cascode,
This work 22nm FDSOI 28 13 45 35 85 145 Class-E, Switched cascods
[16] 45nm SOI 475 191 245 16 82 10.6 Class-E, 2-stacked
[51 45nm SOI 47 17.6 424 346 13 13.85 Class-E. 2-stacked
[51 45nm SOI 475 203 23 194 128 13.46 Class-E. 4-stacked
[19] CMOS 40nm 25 175 54 34 N/A N/A Class-E. Doherty
[15] 45nm SOI 45 18.6 N/A 34 95 10.9 Class-AB, 2-stacked
[20] 0.13 um SiGe 41 236 N/A 31 125 N/A Class-E. 2-stacked
[13] 32nm SOI 60 125 N/A 30 10 N/A Class-E

Where Ihoke 18 the current through the choke inductor. The
power loss through the switch can then be defined as:

“4)

Where Ron is the output switch ON-resistance assuming
both devices are of identical size. From (3) and (4) we can
define DE as:

2
Ploss = [RMS,2 * 2RON

DC
_ lchoke — ia% cos (wot + 62 + 6ip) *2Ron
Vpp*Ipc

®)

From (5) it may seem that by minimizing the ON resistance
and increasing the device size, DE will increase. However, if
the device gets too large, the input drive will need to increase
which will have a negative effect on the PAE. Therefore, the
device size needs to be chosen to provide a trade-off between
the PAE, and DE. This way, a new term (6p) is introduced
to provide more control to achieve the best efficiency for the
PA. 6p is introduced through a tunable transmission line con-
nected to the gate of the cascode transistor. The transmission
lines has been configured in a 4-2-1 structure which allows
binary weighted control of the phase. Fig. 5 shows the drain
and current waveforms of the PA, with varying (6p). From
Fig. 5, the overlap between the drain current and voltage varies
with the varying time delay; hence, one can achieve maximum
PAE by adjusting the delay to result in minimum overlap and
PAE as depicted in Fig. 6.

IV. MEASUREMENT RESULTS

The implemented PA in Fig. 7 was designed and fabricated
in 22nm FDSOI by GlobalFoundries and was tested using
on-chip probing using the Elite 300 semi-automatic probe
station. The setup was calibrated up to the probe tips using the
Rhode & Schwarz ZVB8 Vector Network Analyzer (VNA).
The input signals were generated using the Rhode & Schwarz
SMF 100A Signal Generator.
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A. SMALL SIGNAL MEASUREMENTS

The small signal measurements were done using a VNA. Figs.
8, 9 and 10 depict the measured and simulated small signal
S-parameters of the cascode Class-E PA. In measurement, a
peak gain of 13 dB was achieved at &~ 28 GHz. A frequency
shift of &~ 1 GHz (3%) was observed in both S11 AND S22
due to mismatch in the modeling of some device intrinsic
capacitances and inductances.

B. LARGE-SIGNAL MEASUREMENTS

Two sets of measurements were performed for the large sig-
nal measurements using a Spectrum Analyzer from Rhode
& Schwarz. The first one was for the cascode Class-E PA;
achieving a peak PAE of 28% and 41% DE. Fig. 11 shows the
measurement versus simulation results. The switched-cascode
topology achieved better efficiency since the DC power dis-
sipated is reduced; resulting in a peak PAE of 35% and DE
of 45% in Fig. 12. Different delay (6;p) values were applied
and PAE was observed. The optimum delay applied was 4 ps
compared to 4.5 ps in simulation. The output power and power
gain of the PAs shown in Fig. 13 remains the same and show
a gain of 8.5 dB.

C. COMPARISON WITH STATE-OF-THE-ART

Table 1 shows the comparison of both the cascode and
switched-cascode Class-E PA to existing state of the art mm-
Wave PAs. To our knowledge, the best PAE efficiency reported
for a Class-E at mm-wave frequency was reported in [5] im-
plemented in 45 nm SOI at 47 GHz. For a fair comparison, a
Figure of Merit (FOM) was introduced by [16] that includes
the main performance metrics and the limitations of a PA
including the saturated power (Pgy), the gain, the PAE, and
the ratio of the operating frequency fo compared to the fp,,x of
the technology. Defined as:

FOM = P,y (dBm) + Gain (dB)
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defined in (6). For 22nm FDSOI NMOS transistor the reported
fT/fmax is 347/371GHz [18].

V. CONCLUSION

This paper has presented the novel design and measurement
of two cascode based Class-E PA’s in 22nm FDSOI CMOS by
GlobalFoundries. The first one is based on cascode topology
achieving a peak PAE of 28%. The second one is based on
a switched-cascode topology to achieve minimum overlap
between the current and voltage waveforms at the drain of the
output device. The switched cascode Class-E PA achieves a
PAE of 35% and a peak DE of 45% with a saturated output
power of 13 dBm. We achieved the highest FOM for switched
cascode operation compared to similar PAs in the literature.
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