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A Dual-Mode Wideband +17.7-dBm 60-GHz
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Abstract—This paper presents a 60-GHz power amplifier
(PA) utilizing a novel technique to achieve high efficiency at
high output power levels. The proposed topology provides the
capability of dual-mode operation. The output power of a
conventional class-A power amplifier will be combined with the
power provided by an amplifier operating at a different class to
achieve higher efficiency at higher output levels. An enhanced
cascode stage is designed to boost the power gain provided
by driver stages coupled to the power stage with transformer-
coupled impedance matching networks. Fabricated in 65-nm
CMOS process, the measured gain of the 0.32-mm? power
amplifier is 17.7 dB at 60 GHz with a wide 3-dB bandwidth
of 12 GHz while consuming 378 mW from a 1.2-V supply.
A maximum saturated output power of 16.8 dBm is measured
with the 14.5% peak power added efficiency (PAE) at 60 GHz.
The proposed PA achieved a measured maximum PAE of 17.2%
at 18.1-dBm-saturated power operating in high-power mode by
applying 1.4-V supply.

Index Terms— CMOS integrated circuits, millimeter-
wave (mmW) integrated circuits, power amplifiers (PAs).

I. INTRODUCTION

HE ever-increasing demand for the next-generation

broadband wireless communication systems motivates the
designers to develop new wireless transceivers capable of
fulfilling these consumer demands. The continuous 7-GHz
bandwidth around 60 GHz is a promising contender because
it is unlicensed and well suited for high-data-rate indoor
wireless personal area network applications [1]-[3]. However,
the 60-GHz band has a unique path loss characteristic because
of the higher electromagnetic (EM) energy absorption of
oxygen molecules within this frequency band compared to
lower GHz frequencies [4]. The signal attenuation requires
millimeter-wave (mmW) transmitter to transmit output powers
considerately higher than their low gigahertz counterparts in
order to achieve an acceptable communication distance for the
receiver to successfully detect the transmitted signal. The need
for high output power along with the operation of transistors
near cut-off frequencies makes the design of 60-GHz CMOS
power amplifiers (PAs) very challenging.
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Low-cost integration of 60-GHz front ends on a single chip
are feasible considering the considering the aggressive scaling
of CMOS technology that produced transistors with maximum
oscillation frequency (fmax) of more than 250 GHz [5].
Nevertheless, design of efficient CMOS PAs remains challeng-
ing because of low gain of transistors at these frequencies,
low breakdown voltage of CMOS transistors, and losses of
on-chip passive power combiners in deep submicrometer
CMOS process [6]. To date, there have been several CMOS
PAs targeting high gain and output power at 60 GHz [6]-[20].
Maximum saturated power (Psy) and power added effi-
ciency (PAE) are two key parameters in designing of
60-GHz PAs. Considering the fact that the gain of the power
MOSFETs with large channel width is relatively low at mmW
frequencies, a single-stage PA cannot deliver a high gain and
high power (HP) simultaneously [6]. Different from power-
combining techniques such as using on-chip transformers,
Wilkinson power combiners are proposed to increase the
output power of CMOS PAs [9]-[18]. However, the passive
power combiners themselves cause additional losses lim-
iting the maximum achievable output power and PAE of
CMOS PAs. PAs operating in nonlinear classes are designed to
overcome the PAE tradeoffs for mmW applications [21], [22].
Although operating in nonlinear classes results in a significant
PAE improvement, these PAs are usually avoided because they
need MOSFETS to be in OFF state for a portion of time, which
lowers the maximum available RF power.

The low breakdown voltage and high knee voltage of
devices is one of the critical issues in design of CMOS PAs,
which limits the output voltage swing. The so-called stacked-
FET amplifier is widely used in CMOS-SOI to overcome
the breakdown challenge by combining multiple transistors
connected in series such that the voltage stress is divided
across all devices [23], [24]. The stacked-FET technique, how-
ever, requires a high-voltage dc supply that is not compatible
with the standard practice in bulk CMOS design as it may
result in substrate breakdown and leakage in bulk CMOS
technology [23].

The most recent solution to enhance the efficiency is uti-
lizing dual-mode techniques as demonstrated by 60-GHz PAs
implemented in CMOS [25], [26]. Two individual three-stage
class-AB PAs in 40-nm CMOS are used in parallel to perform
power amplification at 60 GHz with a high reported PAE [25].
Combined using a switched transformer, two PA rails could
switch from low power to HP modes. However, the technique
used two separate PAs that occupy a large die area achieving a
very low-power density compared to the most of the reported
single-mode 60-GHz CMOS PAs. Dual-mode PA with ability
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of switching between cascode PA and stacked PA is proposed
in [26]. A high level of PAE is achieved in HP mode thanks
to the use of a large 2.5-V core supply voltage.

This paper presents a dual-mode 60-GHz PA topology that
provides the ability of dual-mode operation by combining
two power stages operating in different biasing conditions.
A premier advantage of the proposed technique is combining
a high-efficiency nonlinear PA with a HP linear PA to provide
a higher output power with better PAE than the one that
can be achieved by a single-mode PA. A nonlinear class
amplifier is designed in parallel with a conventional Class-
A power stage to achieve a higher level of output power
when the output stages are experiencing the power saturation.
The highest reported PAE of 17.2% is achieved by fabricated
PA in HP operation mode compared to the prior designs
in 65-nm standard CMOS technology. In addition to achieving
a high PAE, the driver amplifiers consisting of an enhanced
cascode stage followed by a common source (CS) stage
provide a high gain over a wide bandwidth. Power transistors
and transformer-base power combiners are optimized to ensure
the high efficiency while achieving high output power. A gain-
bandwidth enhancement technique is proposed to increase the
performance of the cascode gain stage. This paper is organized
as follows. Section II presents analysis of the proposed dual-
mode power amplification approach and compares the drain
efficiency performance of the proposed technique with conven-
tional Class-A structure. In Section III, a circuit realization of
the proposed dual-mode PA is discussed. The design procedure
of the wideband 60-GHz fully integrated power amplifier in
standard 65-nm CMOS process is described. The measurement
results of the fabricated PA are presented in Section IV.

II. DUAL-MODE POWER AMPLIFICATION

In order to achieve an HP efficiency for the PA stage,
a new topology based on the dual-mode operation is proposed.
Fig. 1 shows the basic idea of the dual-mode operation using
ideal model of MOSFET devices. Although the performance of
the practical circuit depends on the high-frequency parasitics,
parasitic effects can be neglected here to prove the idea of
dual-mode operation. The proposed circuit consists of two
MOSFET amplifier units that are modeled as basic voltage
controlled current sources. The main amplifier (M) provides
a linear Class-A operation, and an auxiliary amplifier (M)
is used to provide a tunable class of operation by changing
the conduction angle. The conduction angle is tunable using
an independent bias rail for amplifier M>. Fig. 1(b) illustrates
the current waveforms for the basic idea of the dual-mode
operation. The output current is the summation of two indepen-
dent current sources. Forcing the main amplifier to operate in
Class-A mode results in the highest possible output RF power
and linearity. The second amplifier can be biased to inject more
power when higher output power is needed when M| reaches
the saturation. Assuming a pure sinusoidal voltage at the input
(Vin = Vj cos(wt)), the I-V function of two amplifiers can be
written as

I = gmVi COS(CO[) (1

(@ (b)
Fig. 1. Dual-mode amplification topology. (a) Circuit model of the basic
idea. (b) Current waveforms.
and
I — gm2Vicos(wt), —0 <wt <80 @)
27 o, T<owt<-0,0<ot<n

where 6 is the conduction angle of the auxiliary amplifier.
The dc and fundamental values of the output current must be
calculated to derive an equation for power efficiency of the
proposed method. To simplify the equations, the parameter
o = gma/gm1 can be defined as the gain relation between two
amplifiers. The normalized output power can be calculated
assuming a resistive load and maximum output voltage swing
of unity. The dc value of the output current can be calculated
using

1 [ 1 [?
I, pc = —/ gm1Vi cos(wt)dt + —/ gm2Vi cos(wt)dt
’ 27 J_x 27 J_p

_ Imax sin(8/2) — 6 cos(6/2)
= or [” +“( 1 —cos(0)2) )}

The fundamental harmonic (RF component) of the output
current is given by

3)

T
gm1 Vi cos(wt). cos(wt)dt

—T

1
Io R = —
T

1 6
+— / gm2Vi cos(wt). cos(wt)dt
T 0

L 6 — sin(@)
= E[”“(l—cos(e/z))] @

For the main amplifier, the quiescent point is right at the
center of the load-line resulting in the maximum available
power. The drain efficiency of the power amplifier can be
calculated as the ratio of the output RF power to the consumed
dc power. Utilizing the current relations, the efficiency of the
dual-mode amplifier is given by

y = 7 (1 —cos (%)) +a (@ — sin(0))
27 (1 — cos (%)) + a (sin (g) — 6 cos (g)) ’

Fig. 2 illustrates the efficiency-power tradeoff of the pro-
posed topology as a function of conduction angle for different
gain ratios (a). Utilizing the new topology, the auxiliary

)
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o \CI\ L 70 the transition frequency (f7) and the maximum frequency of
3 = - & operation ( fmax) [29]. In addition to this, a high level of output
o« & current is required to prevent early saturation, which poses
2 50 3 the challenge of using transistors with large channel width
3 . . . .
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£ A—alpha=0.75 | 205 rent densities. Although a channel width of 120 um can
2 —CO—alpha=0.5 | 19 keep the fmax above 90 GHz, the extra parasitic capacitance
04 alpha=0.0 o introduced by the output impedance of the auxiliary transistor
o €0 120 180 240 300 360 will decrease the fimax. By choosing 72-um channel width,

Conduction angle (6)
Fig. 2. Dual-mode amplification performance.

stage can deliver more RF current when the main stage runs
into the saturation mode. In comparison with the same size
conventional Class-A topology (« = 0), higher power and
higher efficiency (78%) is achievable using the proposed dual-
biased PA as illustrated in Fig. 2. The other advantage of the
proposed topology is the capability of tuning the auxiliary
stage to operate at not only the linear modes of operations,
but also the nonlinear modes can be realized by changing the
transistor’s gain ratio and gate biasing of the auxiliary unit
from zero to Vpp. Setting the gate biasing of the auxiliary
transistor to be slightly above threshold voltage (V) enables
the operation of auxiliary transistor M> as a class-AB PA that
results in injection of extra output power with better power
efficiency than that of a Class-A PA. For very low input
powers, the auxiliary transistor still operates as a Class-A PA
as it is ON for the whole signal cycle. As the input power
increases, the auxiliary transistor is ON only for a portion of
signal cycle operating in class-AB injecting additional output
RF power proportional to the input power and the transistors’
channel width.

III. DESIGN OF 60-GHz POWER AMPLIFIER

The schematic of the proposed 60-GHz CMOS power
amplifier is presented in Fig. 3. The three-stage PA consists
of an enhanced wideband cascode driver stage, a CS mid-
dle stage to boost the overall gain, and dual-mode power
stages. Amplifiers are implemented in differential mode to
achieve higher voltage swing in comparison with the single-
ended topology. On-chip transformers are used to match the
impedances and power combining of differential stages. In this
section, the methodology of designing the 60-GHz PA stages
in 1P9M 65-nm technology is discussed.

A. Dual-Mode PA Stages

Differential dual-mode power amplifier stages are designed
for 60-GHz applications, as shown in Fig. 3. Each of the
differential power stages consists of two units, and each unit
incorporates a main transistor (M4) and an auxiliary transis-
tor (Ms). My provides amplification in Class-A mode, and it
must be able to drive the output at high saturation level. As a
result, a transistor with large channel width must be chosen

transistor My, can drive 66% of the required output power in
Class-A mode while keeping the fmax beyond 120 GHz. This
transistor is able to handle the output current of 40 mA with
gate bias of 0.8 V and supply voltage of 1.2 V.

A channel width of 24 um is chosen for auxiliary tran-
sistor (Ms,) to deliver the 33% of the remaining current to
the load while keeping the fpnax of the unit above 60 GHz.
Using a matching circuit is inevitable to compensate the
delay/impedance mismatch between two units. The output
matching circuit consists of a 50-Q microstrip transmission
line (Lc) that incorporates the inherent capacitance of transistor
My, to form an L-section matching network. In addition,
the I/O impedances drop when the number of fingers is
increased, which leads to higher matching network losses
because the higher impedance transformation ratio is required.
Load-pull simulations are performed to obtain the optimum
impedance required for highest possible power/efficiency capa-
bilities. Fig. 5 illustrates the load-pull simulation results
for the dual-mode power stage with total channel width of
(72 + 24) pm. According to load-pull simulations, transistor
must see normalized optimum load impedance of 0.324-j0.11
to obtain high output power. The transformer-based impedance
matching network is used to match the 50-Q load to this
impedance level. However, the matching network introduces
extra loss, so that degrades the overall efficiency. Maximum
output power of 15.66 dBm is achieved by combined Class-A
and class-AB biasing (Vg = 0.8 V, Vgo = 0.2 V, and
Vpp = 1.2 V) with 60% maximum PAE. According to the
PAE contours, a high PAE is achievable for a wide range
of impedances. Fig. 6 shows the obtained output and dc
power of the designed single stage dual-mode power ampli-
fier at 60 GHz. Increasing the bias voltage of the auxiliary
amplifier increases the dc power consumption of the circuit
and decreases the efficiency of the whole amplifier. The
calculated drain efficiency of the designed stage is presented
in Fig. 7 for various bias conditions. Compared to a single
Class-A stage with 72-um transistor, the maximum drain
efficiency is improved using dual-mode configuration for high
input power values.

An on-chip transformer (TF4) is used to combine the
output power of two unit amplifiers in differential mode.
The particular advantage of using differential topology is
100% improvement in output voltage swing and power.
Transformer-based power combiners are extensively used in
mmW PA designs because of their HP transfer efficiency in a
compact area [29], [30]. However, the overall efficiency of the
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500
Fig. 3. Schematic of the proposed dual-mode 60-GHz power amplifier in 65-nm technology.
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Fig. 5. Load-pull simulation results of the 120-xm/65-nm nMOS.

PA is also limited by the efficiency of the transformer, which
depends on the quality factor and self-inductance of the pri-
mary/secondary windings and coupling factor (K). For power
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Fig. 7. Drain efficiency of the proposed dual-mode PA stage for different

biasing conditions.

transistors with large intrinsic capacitance, a transformer with
smaller diameter and lower self-inductance is needed to cancel
the large capacitive. Physical characteristic of the transformer
as well as the diameter and the technology features are key
parameters in designing of on-chip passives. 1P9M standard
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(a)

Fig. 8. (a) Layout and (b) microphotograph of fabricated octagonal stacked
transformer.
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Fig. 9. Maximum power transfer efficiency (hollow square markers) and
effective inductance on Mg and My metal layers (solid square/rectangle
markers) as functions of inner diameter.

CMOS technology provides 0.9-um-thick (Mg) and 3.4-um
ultra-thick (M) metal layers available for construction of on-
chip passive components. The octagonal stacked transformer-
based power combiner is implemented on top two metal layers
with both widths of 6 ym, as shown in Fig. 8. mmW stacked
transformers with several diameters, D = (Dj, + Doy )/2, are
fabricated, measured, and de-embedded to model the parasitics
and efficiency evaluation. The efficiency of the transformer can
be calculated from the measured maximum available gain [29].
By sweeping from 30 to 60 xm, maximum efficiency of the
transformer increases by 15%, as shown in Fig. 9. 3-D EM
simulations have been performed to extrapolate the parameters
for transformers up to 80-um diameter. Primary/secondary
self-inductances (Lp/Lg) are measured from 40 to 160 pH
and 30 to 130 pH for windings implemented on Mg and Mg,
respectively. The maximum quality factor of 22 and 15 is
measured for primary/secondary windings on Mg and Mg,
respectively. Fig. 10(a) shows the effective coupling factor
between windings, calculated using

_ | Im(Z)?
k= Im(Z22)Im(Z 1)’ ©

That varies as a function of frequency for different inner
diameters. Stacked transformer structures exploit both the
lateral and vertical magnetic couplings. As the lateral magnetic
coupling degrades as frequency is reduced, the coupling factor
and consequently the efficiency of mmW transformers are
reduced with the decreasing frequency. Fig. 10(b) illustrates

the efficiency of stacked transformers fabricated in 65-nm
1POM technology over a wide frequency range. Measured
results indicate that a power efficiency as high as 75% is
attainable for on-chip transformers, underlying the benefit of
using transformers for efficient power combining at mmW
frequencies. In this design, inner diameter of 30 um is chosen
for output transformers, while the PA can still deliver sufficient
output power at 60 GHz.

B. Wideband Driver and Gain Stages

To ensure a reasonable power gain at 60 GHz, the driver
stage and the gain stage were cascaded before the dual-
mode PA. Cascode amplifiers followed by a CS stage are
designed as gain and driver stages, respectively. Achieving
wide bandwidth for gain stages is desired to increase the gain-
bandwidth performance of the whole PA. A compensation
technique is used to improve the bandwidth of the cascode
stage. Transmission lines (TL1, and TL,,) are used to compen-
sate the effect of intrinsic capacitances and increase the fpax of
the cascode stage, as shown in Fig. 3. By increasing the fmax
of the cascode stage, transistors with larger channel widths
can be used as driver stage, which can improve the maximum
available input power of the drive stage and results in higher
P1 g- The higher fiax also results in a higher small-signal
gain/bandwidth of the cascode stage. Fig. 11 shows a small-
signal model of the enhanced cascode amplifier. The total
parasitic capacitance seen by the drain connection of the M;
and source/gate connections of M, is the parameter that
degrades the fiax of a cascode pair. The overall capacitance
presented at the source node of M», creates a dominant pole in
transfer function of the cascode stage. A transmission line with
specific length can compensate the impact of the dominant
pole by introducing a zero to the small-signal gain transfer
function. This transmission line (L41/TL1,) is placed between
the source of M5, and drain of M;, can resonate with total
capacitance seen by these two nodes, and compensates the
gain reduction. The second transmission line (Lg2/TL2,) can
be connected between the gate of the transistor M, and the
bias network to cancel the negative reactance of the impedance
seen by the gate—drain and gate—source connections. The
other impact of this element is gain-boosting mechanism by
introducing a negative resistance to the output impedance of
the cascode stage. The real part of the impedance seen by the
source of M, can be calculated in presence of an inductive
element at the gate node of My, as

1-— a)ngngZ(CgSZ - CdSZ)
C()Z(Cgs2 - Cds2)2 + 8312

Re{Z:} = (7
where Cgs2 and Cggo are the main capacitors that create a
dominant pole at the gate connection of Mj,. Considering the
fact where szg Ciotalg@m2 1s much larger than one at high
frequencies, the impedance equation can be simplified to

2
@ Lg2(Cys2 — Cys2)
8 2 & s 8&m2 > @Crotal

8m2 (8)

—Lgogm2
gigm’ gm2 K wCiotal-
Cgs2

Re{Z,} =
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As the frequency increases, the resulting negative resistance
also increases, and the voltage gain of the cascode architecture
can be increased. The other advantage of using inductive
elements is frequency compensation by shifting the dominant
poles that are created by capacitive part of the impedances.
The total imaginary part of the impedances seen at the source
connection of M, and drain connection of Mj, can be
derived as

Im{Z;} + Im{Z,}
1 1 2
+ .
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Transmission line TLp, creates an inductive impedance
between the connections of transistors M»>, and M, to com-
pensate for the dominant pole. Fig. 12 illustrates the simulation
results for power gain and fihax of the enhanced cascode
amplifier for different electrical lengths (). Although using
the proposed technique could improve the frequency response,
the T-line added to the gate node of M, can potentially
create stability issues. Stability parameter (u) is extracted from
simulation results with respect to the length of the T-line.
As shown in Fig. 13, the cascode amplifier is unconditionally
stable with factor of greater than unity. T-lines have been
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TABLE I
COMPARISON WITH PUBLISHED 60-GHz PAs IN CMOS TECHNOLOGY

Size

B.W. : Psal P 1dB Gmax PAEmax Psal/Area
Process [GHZ] Stages Vbb Architecture [dBm] [dBm] [dB] (%] [mmz] [mW /mmz] Ref.
52-65 3 1.5 Single-ended/C.S 9.3 6.4 5.2 7.4 0.15 57 [6]
58-66 4 1.2 Single-ended/C.S/4X 20 18.0 20.6 14.2 1.76 57 [7]
90 nm 57-64 3 1.3 Single-ended/C.S/2X 114 6.0 12 15.8 0.40 35 [8]
44-60 4 1.2 Distributed/C.S/4x 11 9.7 8.3 7.1 0.39 32 [9]
57-63 3 1.2 Differential/C.S/4x 18.5 14.7 15.7 10.2 0.38 186 [10]
58-65 2 1 Differential/C.S 11.5 15.4 16 15.2 0.83 17 [11]
53-68 2 1.8 Single-ended/Cascode/8x 18.1 11.5 15.5 3.6 0.46 140 [12]
56-62 3 1.2 Differential/C.S 14.6 10 232 16.3 0.60 48 [13]
58-64 3 1.0 Single-ended/C.S/2x 17.8 13.8 11 12.6 0.28 215 [14]
58-65 4 1.8 Differential/C.S/4x 15.6 13.5 20 6.6 2.25 16 [15]
65 nm 57-66 2 24 Balanced/Cascode/2x 15.4 13.7 17.2 143 0.25 136 [16]
59-67 2 1.2 Single-ended/C.S 10.6 9.2 13.2 8.9 0.29 158 [17]
58-62 3 1.4 Single-ended/C.S/4x 18.3 16.9 18.8 15.9 0.19 356 [18]
59-67 3 2.5 Differential/CS/2x 17.6 12.5 23.5 20.4 0.24 239 [26]
56-68 3 1.2 Differential/C.S/2x 168 | 155 | 177 | 145 0.32 160 Th;SL”IZ;’rk
5368 | 3 | 14 Differential/C.S/2x 181 | 158 | 183 | 172 | 032 210 Thgflﬁ;’rk
61-67 3 1.0 Differential/CS/2x 17.4 14.0 21.2 28.5 0.56 98 [25]
40 nm
59-67 3 1.8 Push-pull/CS/2x 16.4 13.9 22.4 23.0 0.30 145 [27]
28 nm 56-67 3 2.1 Differential/C.S/2x 16.5 11.7 24.4 12.6 0.12 370 [19]
30 transistors, respectively. Bias conditions were set to achieve
the maximum current density at frequencies near fr. The
20 . e —— gate bias (Vg2) voltage is set to be 0.8 V, while the supply
& 10 y -’ / B voltage (Vpp) is 1.2 V for all the gain stages. With this biasing
z M / 3 condition, cascode and driver stages could achieve power gains
’ . .
g 0 k=== 4 T of 15 and 9 dB, respectively. However, the overall power gain
5 ~ 35 JU e is reduced by the losses of matching networks and power
~o Y .
E 10 4N\ A-TATN P combiners.
\ P e - . . . . .
S \ ""“““"m For interstage matching circuits, stacked transformers with
Y N, ” . . .
@ -20 T/ . K" conductor width of 6 um are modeled in Advanced Design
\ .
4 his . System and fabricated on the Mg and Mg metal layers from
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40 —-B--521 sim —=—S21 meas | respectively. Utilizing the Mg and My metal layers, a coupling
40 45 50 55 60 65 70 75 80 factor of 0.75 and maximum quality factor of 15 is achieved
Frequency (GHz) based on EM simulations. Simulated gain and I/O reflections

Fig. 15. Measured and simulated S-parameters.

designed and optimized to achieve a bandwidth 20 GHz larger
than fiax of the transistors with € of 10° or 60-um physical
lengths. Bias conditions were set to achieve the maximum
current density at frequencies near fr. The gate bias (Vg1)
voltage is set to be 0.8-V, while the supply voltage (Vpp) is
1.2 V.

Transistors are laid out in 30 fingers with 2-um-wide fingers
for the CS stage and with 30 fingers, 1 and 1.5 gm for Cascode

of the 60-GHz PA are illustrated in Fig. 15.

IV. MEASUREMENT AND RESULTS

The 60-GHz PA is fabricated in 1P9M 65-nm standard
CMOS technology. The chip micrograph of the PA is shown
in Fig. 14. The PA only occupies a core area of 0.32 mm?
excluding the dc/RF pads. The S-parameter measurements are
performed using Agilent N5251A 110-GHz solution, which
uses an E8361 performance network analyzer, and the results
are calibrated using short-open-load-thru calibration substrate.
The measured S-parameters are compared with the simulation
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Fig. 16.

(d

Measured performance of 60 GHz dual-mode power amplifier. (a) Measured output power and PAE. (b) Power gain variations versus core supply

voltage. (c) Saturated output power variations versus core supply voltage. (d) PAE variations versus core supply voltage.

results in Fig. 15. Applying 1.2-V core voltage and gate
bias (Vi) of 0.8 V to all the stages, maximum small-signal
gain of 17.7 dB within a 3-dB bandwidth of 12 GHz are mea-
sured. Compared to the wide bandwidth of 20 GHz achieved
in simulation, the 8-GHz difference in measured results is
probably because of the inaccurate models of MOSFETSs
at 60 GHz.

The large-signal measurements are performed using Rohde—
Schwarz NRP-Z power sensors and the Rohde & Schwarz
ZVA67 VNA at 60 GHz. The Py, and PAE are measured in
low-power (LP) and HP modes, as shown in Fig. 16(a). For
LP mode with 1.2-V core supply voltage and Vg of 0.8 V for
all the stages, the measured 1-dB compressed output power
(P1 gB) is 15.5 dBm and the Pgy is 16.8 dBm. With relatively
high measured P g4p, the PA demonstrated to be linear up to
the saturation level. The measured peak PAE is 14.5% in LP
mode. One particular parameter that affects the PAE is the
consumed dc power of cascode and driver stages. Although
higher PAE could be achieved by biasing these stages at
considerably lower drain currents, the driver stage runs into
saturation earlier so that the P; gg will be reduced dramat-
ically. Although the measured PAE at P; gg is about 10%,
P; g of 15.5 dBm enables the PA to operate at high input

N
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Fig. 17. Measured stability factor of the fabricated PA.

power levels. HP mode measurement is performed by applying
a higher supply voltage of 1.4 V to the power stage and 1.2 V
to the gain and driver stages. The gate biasing voltages are
adjusted to be 0.7 and 1 V for gain and power stages to keep
the gain as high as the achieved gain in low-power mode. The
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saturated power of 18.1 dBm is measured, while the maximum
PAE is improved to be 17.2% by achieving more power from
the last PA stages. Table I summarizes the performance of
this work with the state-of-the-art 60-GHz PAs in modern
CMOS technologies for comparison purposes. Compared to
the reported 60-GHz PAs in the 65-nm technology, 60-GHz
dual-mode PA is smaller in size with comparable higher
output power, which results in an HP/area figure of merit. The
measured output power and Pj gg are considerably high while
using small core supply of 1.4 V compared to other designs
in the same technology. Compared to the reported PAs in 65-
and 40-nm technology [11]-[18] and [25]-[27], the proposed
PA achieves a higher Py and P; gp using a lower supply
voltage and in smaller die area except for our previous work
offers a better performance over a limited bandwidth of 4 GHz
[18]. Moreover, the measured bandwidth of 15 GHz in HP
mode potentially enables high data rates and frequency reuse
around 60 GHz. Compared to other reported dual-mode PAs,
the proposed PA achieves 100% wider bandwidth thanks to
the optimal sizing of transistors and the gain enhancement
techniques. The measured power/gain variations for different
levels of supply voltages are shown in Fig. 16(b)—(d) to
demonstrate the supply dependence and reliability of the
abricated PA. The PA still could achieve the average gain
of 16 dB for minimum supply voltage of 1 V suitable for ultra
LP applications. Fig. 17 demonstrates the measured stability
factor from dc to 80 GHz. With the stability factor of greater
than unity, the amplifier is unconditionally stable over the
frequency range of operation. The measured power/efficiency
performances are also robust over the IEEE802.15.3¢c band
thanks to the wide bandwidth of 15 GHz in HP mode. The
PA maintains the 18.1-dBm output power and the average PAE
of 17% over the frequency band.

V. CONCLUSION

A novel dual-mode CMOS power amplifier for 60-GHz
applications has been implemented in 65-nm CMOS technol-
ogy. Utilizing the dual-mode technique, the proposed PA pro-
vides higher PAE at higher output power rates in comparison
with the conventional Class-A amplifiers. The PA core consists
of an enhanced cascode driver stage followed by two cascaded
CS stages with transformer-based interstage matching. The
bandwidth of the cascode stage is optimized using an inductive
compensation technique. The peak power gain of 17.7 dB
and 16.8-dBm saturated output power are measured over the
wide bandwidth of 12 GHz. The 0.32-mm? die area consumes
378 mA from a 1.2-V supply and presents 14.5% PAE in low-
power mode. Fabricated PA achieves considerably high max-
imum PAE of 17.2% in 65-nm technology with considerably
wide bandwidth of 15 GHz.
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