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Abstract A new fully-integrated concurrent dual band CMOS power amplifier (PA) which covers the first and third
channels of IEEE 802.15.3c standard is presented. In order to achieve concurrent operation of the 60 GHz PA in two desired
narrow frequency bands, the multi-frequency passive coupling matching networks design is proposed. The full wave
electromagnetic analysis (by the conventional Method of Moments (MOM)) and circuit analysis (using Circuit Envelope
(CE)) are performed for the passive and active parts, respectively, in order to completely characterize the PA structure. This
PA model has also been used in system level simulations. The results have shown two fractional bandwidths of 5% and 3%,
Py4p of 8.8 dBm and 7.9 dBm at 58.32 and 62.64 GHz, respectively. Maximum power added efficiency (PAE) of 13% is
achieved in both targeted bands. Performance of this PA shows promising availability in the future dual band WPAN

applications.
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1. Introduction

The federal communications commission (FCC) allocates
7 GHz frequency band from 57 GHz to 64 GHz for
unlicensed use over the United States which covers the three
channels of the IEEE 802.15.3c standard. In the context of
high data rate wireless personal area networks (WPANs),
which is the class of networks with a range below 10 m [1];
new consumer-oriented applications are emerging. Some
radio frequency component design according to dual band
scenarios have been suggested in 60 GHz frequency band.
One of these dual band approaches is to operate the 60 GHz
system in combination with a system that works at a lower [2]
or higher frequencies [3]. Due to the minimum bandwidth
requirement of about 2 GHz for 60GHz devices [1],
allocation of two carrier channels using different classes for
two WPAN high data rate arbitrary scenarios, in one
transmitter architecture, is suggested. Our dual-band design,
which is within 60 GHz band (Figure 1), is primarily
motivated by future applications in indoor home and office
networks.

Power Amplifiers (PAs) are the most important blocks in
RF front ends. Recently, several 60 GHz CMOS power
amplifiers, which cover more than the three defined channels
in 60 GHz band, are reported [4- 8]. By the way, the
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indicated dual band transmitter architecture needs a power
amplifier which can work simultaneously in the first and
third channels with almost similar characteristics. Several
approaches have been introduced for dual band operations in
lower frequency bands. For instance, using additional power
switch, which selects the PA which has been optimized for
each arbitrary band is suggested in [9]. This approach results
in an increased die area and reduced efficiency, which is in
high importance in millimeter wave region, due to
on-resistance between a PA and a power supply. Another
approach is the utilization of reconfigurable loads which
requires additional control voltages or switches to modify the
properties of these elements in matching networks [10, 11].
However, all the methods mentioned above do not result in
concurrent operation. In this paper, to achieve concurrent
operability, multiband matching network is designed. A
methodology to design a multi frequency passive network is
presented in [12], which is not a proper solution for narrow
band operation in 60 GHz. It concludes that designing dual
band switchless selective power amplifier with narrowband
operation (0.03) is very challenging in 60 GHz region. In this
paper, a fully-integrated concurrent dual-band 90 nm CMOS
power amplifier with switchless matching network for dual
band 60 GHz WPAN transmitter architecture is described.
According to IEEE 802.15.3.c standard, an antenna gain of
up to 30 dBi and transmit power of 10 dBm into the antenna
could satisfy the global requirement of the electromagnetic
field emission (EIRP=40 dBm). Hence, an output power of
10 dBm was selected as the target for the power amplifier
(PA) prototype developed in this work in each band.
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In order to improve the accuracy of the passive models in
this frequency and evaluate the nonlinearity behavior of the
PA the hybrid analysis consisting of full wave
electromagnetic analysis (MOM) and circuit analysis (CE) is
performed [13]. In circuit envelope analysis the circuit
model of the PA has been used instead of behavior models in
order to obtain more accurate results [14]. The PA
non-linearity impact is assessed by the maximum transmit
power that can be maintained by the communication system
while simultaneously meeting both the error vector
magnitude (EVM) and transmit spectrum mask (TSM)
requirements which are based on IEEE 802.15.3¢ standard.

To the best of the author’s knowledge, this is the first
reported dual band CMOS power amplifier that works
concurrently within the 60 GHz standard band.

57.24-59.4 GHz 61.56-63.72 GHz

15t Band 2"d Band
t— >
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Figure 1. Frequency band allocation

2. 60 GHz Dual Band PA Design Method

Figure 2 shows the block diagram of the proposed
concurrent dual band 60 GHz PA. It consists of both passive
and active sections. Two stage active portions have a role of
providing power gain in the desired frequency band and
passive portion provide matching and multi-band
requirements, simultaneously. The design of the passive
sections is based on input, inter stage and output matching
networks which combine the conventional and coupling
structures for providing dual band characteristic. Cascode
topology is employed in active portion since it has better
isolation and stability rather than common source stage [4].
Limited maximum available gain (MAG) is one of the
problems of power amplifiers at 60 GHz which could be
solved by choosing proper classes like A or AB. On the other
hand, the transistor current density bias of about 0.3 mA/um
could help the transistor to operate in optimal linearity and
peak fo.x [5]- These considerations resulted in the single
transistor bias at V4=1.2V and V= 0.7V. The nonlinear
transistor model used in this paper is based on 90nm CMOS
BSIM which is modified to consider the high frequency
parasitic effects of the device.

2.1. Output Stage

The output matching network has a role of providing the
optimum load for the second cascode stage in two desired

frequency bands. In order to achieve the maximum output
power in two desired bands finding optimum output
impedance is essential. For this purpose the load pull
simulation which is consisting of third order harmonic
balance (HB) analysis (K=4), is employed for one stage
cascode. Actually in this load pull simulation the passive
losses have not been considered. Simulation results shows
that due to the close middle channel frequencies optimum
loading conditions for each band is almost similar
(Z11=21.49 +j21.49 Ohm and Z;,=16.76+j22.91 Ohm at the
first and second bands, respectively). So the output matching
network which consists of two series and parallel 50 Ohm
lines and one structure for selecting two bands will be
evident.

Dual Band
60 GHz Concurrent

bias
Active
Section

Passive Section
(Dual Band Matching
Network)

Channelt Channel3

SEULET

Figure 2. Block diagram of the proposed concurrent dual band 60 GHz
PA

Because of the small fractional bandwidth in each band
(3%) coupling structure is utilized instead of conventional
dual band matching network structures which are usually
designed to achieve moderate-wide stop bands [16, 17]. By
the idea of a coupled line structure, which is suitable for
narrow band stop behavior, the output matching network can
be optimized for realizing optimum load impedance in two
frequency bands, simultaneously. The utilized structure is a
half wave-length (A/2) resonator edge-coupled to a 50 Ohm
transmission line with a stepped-impedance distribution, as
shown in Figure 3. The weak coupling between adjacent
resonators at center provides flexible tuning of the narrow
bandwidth. Stop-band behavior is obtained because of
impedance mismatch over the middle frequency band. In
order to improve the band stop behavior, four transmission
zeros can be generated in middle band by cascading four
unit-cells together. Furthermore, transmission zeros are
created because of destructive interference of the signals
propagating through the two paths and, as a result, sharp
rejection characteristics are obtained.

To prevent currents from injecting into the substrate and,
hence, reduce the transmission loss, a ground plane is placed
above the Si substrate. Ground plane is placed at the bottom
metal (M1) to prevent external loss of close proximity of the
ground plane to the signal line.

Full wave simulation results show four transmission zeros
in 59.63, 60.23, 60.68, 61.25 GHz frequencies. The final
results will be demonstrated in section 2.3.
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Figure 3. Half wave-length (1/2) resonators edge coupled to a through 50
Ohm line utilizing in an output stage

2.2. Input Stage

In order to match the power amplifier to an input 50 Ohms
and increase the power gain, an input stage is added to the
power amplifier structure. Furthermore to keep away the
interferences and isolate out band signals, adequate
selectivity of about 7 GHz is needed for 60 GHz power
amplifiers. From this point of view, matching to the 50 Ohm
and narrow band pass filtering (~0.12) will be the defined
role for input matching network.

In the same way as output matching network, the coupling
structure is utilized in an input matching network. In order to
provide better performance the simple square patch on M5
layer is considered as a resonator due to the advantage of
lower insertion loss in narrowband operation and higher
power handling capability in comparison with line based
resonators [18], which is in high importance in millimeter
wave region. As illustrated in Figure 4 coupling to and from
the resonator is facilitated by capacitive microstrip gaps. The
axes of coupling to the resonator are orthogonal, so each
couples energy independently to and from only one of the
two orthogonal modes. Coupling to the resonator can be
tuned for achieving narrowband operation of about 10%. By
cutting away the corner geometry of the patch resonator two
degenerate modes will be coupled. The initial dimension of
the square patch will be:

c

o M

As can be seen in Figure 4 the current distribution of the
fundamental modes (TM?", and TM?) are orthogonal, so
vertical and horizontal slots affect these degenerate modes,
respectively.

By utilizing this technique, the coupling coefficient
between two orthogonal modes can be tuned and the
resonance frequencies will be separated. By optimizing W »
and L, the trade-off will be done between lower 3 dB
bandwidth and higher insertion loss in the pass band.
Impedance matching between 50 Ohm feeding port and

Fo=F =

coupling resonator structure has been achieved by a simple
LC network.

[T

Coupling
excitation '

port2

Figure 4. Example of an image with acceptable resolution

This procedure results in the dual-mode input matching
network which can generate two transmission zeros near the
side of the pass band within 52 and 70 GHz. Finally, the
interstage matching network is added to deliver maximum
power from the output of the first stage to the input of the
second stage:

*
Coutt = Tin1- (2)

2.3. Final Circuit (Harmonic Balance and Small Signal
Characterization)

In this work, the proposed dual band matching network
design technique was applied to the two stage power
amplifier. Due to the parasitics in 60 GHz achieving a higher
maximum output power by increasing the transistor width is
not accessible (Figure 5). Therefore, by considering the
technology limitations, the width and number of fingers in
the output stage transistors have been fixed at W,=3um and
Np=32, respectively. In order to have a better PAE, the
number of fingers in the input stage transistors have been
selected as Ny =26.

21
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Figure 5. Output power versus transistor width obtained by load pull
simulations
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Finally, the realized concurrent dual band PA is reported
in Figure 6. By the circuit and layout co-simulation the small
and large signal characterization will be done. Dual-band
performance is clearly visible with insertion gain peaks
around the two bands of interest and attenuation in between
(Figure 7). The resulting S-parameter data show that the PA
could work in 58.32 and 62.64 GHz bands with the insertion
gain of 17 and 15.5 dB respectively. This structure produced
six transmission zeros located in 52, 59.63, 60.23, 60.68,
61.25 and 69.60 GHz frequencies. Over all of the frequency
range, the PA realizes input return loss S;; of smaller than
-10 dB and the S, results shows the unilateral behavior of
the PA in the desired bands.
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Figure 7. The simulated scattering parameters of the dual band PA
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The nonlinear single tone results were achieved by 3™
order harmonic balance (HB) simulation. The simulated
behavior of the nonlinear figure of merits (FOMs) as a
function of frequency is reported in Figure 8 at 4dBm input
power. If a variation of 1 dB is accepted on the output power,
the two fractional bandwidths around 58.32 and 62.64 GHz
result in 5% and 3%, respectively.
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Figure 8. The simulated behavior of the nonlinear figure of merits (FOMs)
versus frequency at 4dBm input power

The comparison between output power, gain, and
efficiency behavior as a function of input power in two bands
is reported in Figure 9 which shows almost little difference.
Figure 9 shows PAE,,x of 13%, P4 of 8.8 dBm and PAE,,,«
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of 13%, Pigs of 7.9 dBm at 58.32 and 62.64 GHz,
respectively.
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Figure 9. FOMs as a function of frequency in two bands

The two tone harmonic balance (HB) simulation results
reveal 17 and 18dBm of OIP; for center frequencies of 58.32
and 62.64 GHz respectively and a tone-spacing of 40 MHz.

3. Single Carrier Characterization

As indicated in IEEE 802.15.3¢ standard draft [1], a total
of three Physical layers (PHYs) are defined for the mmWave
PHY. They are as follows:

a) Single Carrier mode (SC PHY)
b) High Speed Interface mode (HIS PHY)
¢) Audio/Visual mode (AV PHY)

The HSI PHY and AV PHY (HRP, LRP) modes use
orthogonal frequency domain multiplexing (OFDM). OFDM
systems have higher peak-to-average power ratio (PAPR)
than single carrier (SC) systems, thus power amplifier (PA)
back off required to keep signal distortions due to PA
non-linearity below the maximum allowed level in SC

systems are typically lower, which results in higher PAE [19].

This section presents results of the PA non-linearity
investigation for SC system in dual band 60 GHz WPAN
scenarios. The single carrier mode in mm wave PHY (SC
PHY) provides three classes of modulation and coding
schemes (MCSs) targeting different wireless connectivity
applications which occupy at least one channel bandwidth
(~1.88 GHz) [1]. In this work the second and third SC class
which support more than 1.5 Gb/s data rate has been used for
driving 60 GHz power amplifier in each of the desired bands,
respectively. This evaluation can be used for various data
rate, dual band WPAN applications. A summary of SC
systems parameters and requirement used in this work for
PA non-linearity impact analyses are given in Table 1.

In order to analyze PA nonlinearity at system level the
circuit model of the PA in addition to full wave
electromagnetic model of passive section has been utilized

instead of behavioral models which can be result in more
accurate results. Furthermore, circuit envelope method is
used to analyze the nonlinear behavior of dual band 60 GHz
PA in CMOS technology when driven by non-constant
envelope signals. Circuit envelope technique can be named
dynamic harmonic balance (HB) analysis, since handles the
high-frequency dynamic of a modulated signal by
steady-state CAD techniques such as harmonic balance (HB)
simulation, and the low-frequency dynamic by time domain
approaches.

Table 1. Parameters of two SC systems

lower Band upper Band
Bandwidth (GHz) 57.24-59.4 61.56 - 63.72
Data Rate 3760 Mb/s 7520 Mb/s
Modulation QPSK 16 QAM
Max. allowed EVM -14dB -21dB
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Figure 10. Spectral regrowth phenomenon (Pyux>Poy) in (a) first and (b)
second band
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Figure 10(a), (b) shows the spectral regrowth phenomenon
originating in nonlinear PA under two different OBOs in
each band. It can clearly be seen that the spectral regrowth in
out-of-band regions is below the TSM defined in the IEEE
802.15.3¢ standard. The estimated values of the power
amplifier OBOp,;, needed to meet the requirements on the
transmit spectrum mask are 4 and 3.8 dB, in each band,
respectively which corresponds to Poy,.

It is well known that the EVM and TSM requirements

have to be met by the communication system simultaneously.

The requirements for maximum allowable EVM level
depend on the class type used by the communication system
(Table 1). The constellation of QPSK and 16-QAM signal
after nonlinear amplification in each band under 4 and 3.8 dB
OBO are shown in Figure 11(a), (b). It can also be seen that
the outer points appear in a ring shape, which arises from the
nonlinearity effects of a power amplifier. The average EVM
is about 8% and 9%, which is under the standard limit of
standard.
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Figure 11. The constellation diagrams of (a) QPSK signal in first band
under 4dB OBO, (b) 16-QAM signal in second band under 3.8dB OBO

Another conventional performance measure for a digital
communication system is the bit error rate (BER), which is
usually a decreasing function of E,/N,. The co-simulation for
investigating the PA non-linearity effects on BER results is
done by passing the modulated signal through the nonlinear

amplifier and an additive white gaussian noise (AWGN)
channel. The same as before two different input levels have
been tested for PA in each band which shows the degradation
performance due to the PA nonlinearity (Figure 12).

1
e
= :
2 L
10
=ES
10° \‘Q
14 e Poutt =,
w A
m —E— P \
-4 ‘\‘
10 e —
N
SN
SN
S\
10° "
10°
0 1 2 3 4 5 6 7 8 9 10
Eb/N0
(@)
1
=
Egb‘fs\. _____ ~=
o? \E\‘E
~ . — \
10° \E\
—&— PoutZ S =S
R e [~ P ™,
w out1 N
oM \
10"
10°
10'6 1 1 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11 12 13 14
Eb/N0
()

Figure 12. BER results of two different P, level in the (a) first and (b)
second band

4. Conclusions

In this paper, design and analysis of a 60 GHz two-stage
dual band PA is presented. For the realization of narrowband
operation in both bands the dual band coupling structure in
matching networks was utilized. Standard 90 nm-CMOS
process was used for the analysis and design of the PA
operating concurrently at the first and third channels in the
IEEE 802.15.3¢ standard definition. The small signal and
single carrier (SC) characterization of a dual-band 60 GHz
PA based on IEEE 802.15.3c standard was described. The
PA modeling is benefited from full wave electromagnetic
and circuit analysis simultaneously in circuit and system
level simulations. Two bands were evaluated by different
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standard modulated signals for various data rates dual band
WPAN applications, in the future. It is believed that this is
the first time proposing 60 GHz dual band PA structure
which works concurrently at the first and third standard
channels.
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