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Abstract— This paper presents 64-quadrature amplitude mod-
ulation (QAM) 60-GHz CMOS transceivers with four-channel
bonding capability, which can be categorized into a one-stream
transceiver and a two-stream frequency-interleaved (FI) trans-
ceiver. The transceivers are both fabricated in a standard 65-nm
CMOS technology. For the proposed one-stream transceiver, the
TX-to-RX error vector magnitude (EVM) is less than −23.9 dB
for 64-QAM wireless communication in all four channels defined
in the IEEE 802.11ad/WiGig. The maximum communication
distance with the full rate can reach 0.13 m for 64 QAM,
0.8 m for 16 QAM, and 2.6 m for QPSK using 14-dBi horn
antennas. A data rate of 28.16 Gb/s is achieved in 16 QAM
by four-channel bonding. The transmitter, receiver, and phase-
locked loop consume 186, 155, and 64 mW, respectively. The core
area of the transceiver is 3.9 mm2. For the proposed two-stream
FI transceiver, four-channel bonding in 64 QAM is realized with
a data rate of 42.24 Gb/s and an EVM of less than −23 dB.
The front end consumes 544 mW in transmitting mode and 432
mW in receiving mode from a 1.2-V supply. The core area of the
transceiver is 7.2 mm2.

Index Terms— 60 GHz, 64 quadrature amplitude modula-
tion (QAM), CMOS, four-channel bonding, I/Q mismatch cal-
ibration, transceiver, wideband.

I. INTRODUCTION

W ITH the fast development of wireless communication
technologies, nowadays, we are experiencing tremen-

dous growth of data traffic in radio access networks. It is
predicted that the required wireless communication capacity
will become 1000 times higher every ten years. Many wireless
standards are under discussion to satisfy the unprecedented
capacity requirement. For example, the IEEE 802.11ay stan-
dard is targeting over 100-Gb/s data rate by using 60-GHz
band. Unfortunately, the channel bandwidth of 2.16 GHz for
the 60-GHz band is not wide enough to realize such high
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data rate. A channel-bonding capability as well as the high-
order modulation support is strongly demanded to boost the
data rate. For instance, a four-channel bonding in 64 quadra-
ture amplitude modulation (QAM) can achieve 42.24-Gb/s
data rate (7.04 GS/s × 6 b/S).

To realize four-channel bonding operation with 64 QAM,
there are several challenges, such as wideband gain
characteristics, wide dynamic range, low local oscillator (LO)
phase noise, fine and wideband I/Q mismatch calibration, and
small LO leakage. A direct-conversion architecture is widely
used for the 60-GHz CMOS transceivers due to its low
power consumption and wideband characteristic [1], [2]. The
direct-conversion 60-GHz transceivers reported in [3] and [4]
achieve 4 Gb/s in QPSK and 7 Gb/s in 16 QAM, respectively.
However, the low-pass nature of the baseband amplifiers
limits the full use of the 60-GHz band with reasonable power
consumption. Furthermore, an injection-locking technique is
employed for the 60-GHz transceivers [5], [6], which realizes
low phase noise with wide frequency tuning range in 60-GHz
quadrature LO synthesis. Nevertheless, a method for the
fine and wideband I/Q mismatch calibration is still desired
to accomplish the four-channel bonding operation with 64
QAM. In addition, an 8-bit 14.08-GS/s analog-to-digital
converter (ADC) is normally required to support 42.24
Gb/s in 64 QAM, which is usually realized by a massive
time-interleaved ADC, and needs unreasonably large power
consumption. In this condition, a baseband signal bandwidth
of 3.52 GHz is assumed. The Nyquist rate is 7.04 GS/s.
Considering an oversampling ratio of 2, which can ease the
implementation of the baseband filtering [7], the sampling
rate of the ADC is 14.08 GS/s. With such a high sampling
rate, the signal-to-noise-and-distortion ratio (SNDR) of an
8-bit ADC may be less than 36 dB [8], which leaves around
10-dB margin to tolerate the impairments mentioned earlier.

In this paper, a one-stream 64-QAM 60-GHz CMOS trans-
ceiver is presented, which achieves a TX-to-RX error vector
magnitude (EVM) of −26.3 dB and can transmit 10.56 Gb/s
in all four channels defined in the IEEE 802.11ad/WiGig
standard [9]. By using a four-bonded channel, 28.16 Gb/s can
be transmitted in 16 QAM. The front end consumes 251 mW
in transmitting mode and 220 mW in receiving mode from
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TABLE I

LINK BUDGET FOR SHORT-RANGE HIGH-SPEED COMMUNICATION

a 1.2-V supply. The core area of the transceiver is 3.9 mm2.
Furthermore, a frequency-interleaved (FI) architecture is
employed for a 60-GHz transceiver to mitigate the wideband
I/Q mismatch issue and the ADC requirement [10]. The
transceiver achieves 42.24-Gb/s data rate in 64 QAM by
operating two FI transceivers at the same time. Each FI
transceiver uses two-channel bonded spectrum with different
carrier frequencies, which realizes the TX-to-RX EVM
of −24.1 and −23.0 dB, respectively. The transmitters,
receivers, and phase-locked loops (PLLs) consume 412, 300,
and 132 mW from a 1.2-V supply, respectively.

This paper is organized as follows. The design challenges
and considerations for realizing high-data-rate 60-GHz trans-
ceivers are discussed in Section II. The proposed architec-
ture and the detailed circuit implementation for several key
blocks are introduced in Section III. Section IV presents the
FI architecture to achieve four-channel bonding in 64 QAM.
The measurement results are shown in Section V. Finally, this
paper is concluded in Section VI.

II. DESIGN CHALLENGES AND CONSIDERATIONS

Table I shows a link budget example of the 60-GHz
transceiver, which includes the communication of one-
channel (1.76 GHz) and four-channel bonding (7.04 GHz) in
64 QAM. The output power of the transmitter is 3 dBm. The
target communication distances are 0.2 and 0.1 m, respectively.
The transmitter and receiver antennas have a gain of 2 dBi.
A noise figure of 6 dB is assumed for the receiver. It can be
seen that the received signal-to-noise ratio (SNR) has about
3-dB margin from the required SNR of 22.5 dB.

However, there are many other factors (especially for the
64 QAM and four-channel bonding case) that will degrade
the quality of the received signal. First, the wideband gain
characteristics are required for both transmitter and receiver.
At RF side, a wide-and-flat gain roughly from 57 to 66 GHz
is needed. On the other hand, a 5-GHz bandwidth is nec-
essary at baseband side, which is very power-consuming
because of the low-pass nature of baseband amplifiers. Fig. 1
shows the MATLAB simulation results of EVM in 16 QAM
considering the influence of the TRX gain flatness. The

Fig. 1. Simulated EVM in 16 QAM with 7.04-GS/s symbol rate at different
equalization conditions.

symbol rate is 7.04 GS/s on single carrier (SC) mode.
The frequency response of a fourth-order finite impulse
response (FIR) filter is assumed for modeling the gain flat-
ness of the TRX. A recursive least square (RLS) linear
equalizer is used for demonstrating the influence of the gain
flatness and equalization. It is observed that the maximum
gain variation of the un-equalized TRX within the 7.04-
GHz bandwidth is about ±1.4 dB, which corresponds to
an EVM of −16.5 dB. When the number of the equalizer
taps increases, the maximum gain variation is reduced, and
the EVM performance is improved. A gain variation of less
than ±0.7 dB (four-tap equalizer) over the frequency band
of interest is needed to achieve 16 QAM and four-channel
bonding considering about 6-dB margin from the required
EVM of −16.5 dB. As for 64 QAM and four-channel bonding,
a larger number of taps with smaller gain variation (such as
six taps, ±0.1-dB gain variation) may be required, considering
over 10-dB margin from the required EVM of −22.5 dB.
In practical implementation, the actual required number of taps
and the corresponding gain variations should be estimated by
both the value and shape of the TRX gain characteristics.

Furthermore, the wide dynamic range has to be maintained
considering linearity and noise with the 5-GHz baseband
bandwidth. In addition, the phase noise of the LO, image
rejection, and LO leakage is also critical [7], [11]. All those
impairments can disturb the signal constellation and degrade
the system EVM. The relationship between the TX/RX EVM
and impairments can be expressed as [12], [13]

EVMtot

≈
√

1

SNDR2 + ϕ2
RMS + EVM2

IMRR + EVM2
LOFT + EVM2

GF

(1)
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Fig. 2. Calculated IMRR versus gain and phase error.

where SNDR is the signal-to-noise-and-distortion ratio, which
considers the effects of the front-end noise and non-linearity,
such as AM–AM and AM–PM distortion [14]. ϕRMS is the
integrated double-sideband (DSB) phase noise of a carrier.
EVMIMRR, EVMLOFT, and EVMGF represent the degraded
EVM due to I/Q mismatch, LO leakage, and gain flatness,
respectively. It should be indicated that (1) is a simplified
expression, which emphasizes several dominant effects for the
60-GHz transceivers. In actual transceivers, many other effects
could influence the EVM performance, such as the correlated
effects between AM–AM/AM–PM distortion and phase noise,
the resolution and clock jitter of the ADC/digital-to-analog
converter (DAC) [15], [16], and so on. Thorough system
analysis and simulations should be conducted to identify the
major performance limiters.

As we know, the phase noise is one of the major
performance limiters for the EVM of the 60-GHz CMOS
transceivers [17]. To support 64 QAM, a phase noise
of −96 dBc/Hz at 1-MHz offset is required, considering
a 400-kHz bandwidth for the carrier tracking [12], [17].
The carrier tracking is a common technique in baseband,
which can suppress the phase noise effects within the tracking
bandwidth. For the SC mode, because the tracking bandwidth
can be wider than the loop bandwidth of the PLL, the in-
band phase noise is not a critical issue. Therefore, the out-
of-band phase noise requirement is discussed as mentioned
before. However, in orthogonal frequency-division multiplex-
ing (OFDM) cases, the tracking bandwidth is generally smaller
than the loop bandwidth. Both in-band and out-of-band phase
noises are dominant issues, which leads to a more stringent
phase noise requirement. It has been demonstrated that the
required phase noise performance can be achieved by using
60-GHz quadrature injection-locked oscillators (QILOs) and
a 20-GHz PLL [6]. As shown in (1), the I/Q mismatch has
significant influence on the EVM performance of the 60-GHz
transceiver, which is normally evaluated by the image rejection
ratio (IMRR). The IMRR can be expressed as the function of
gain and phase imbalance

|IMRR| =
∣∣∣∣∣
10

�A
10 + 2 · 10

�A
20 cos �θ + 1

10
�A
10 − 2 · 10

�A
20 cos �θ + 1

∣∣∣∣∣ (2)

where �A is the gain error in decibel. �θ is the phase error
in degree. For 64-QAM communication, |IMRR| ≥ 35 dBc
should be satisfied in consideration of other impairment
degradations. It is corresponding to less than 0.3-dB gain

Fig. 3. Block diagram of the proposed 60-GHz one-stream transceiver.

mismatch and less than 2° phase mismatch, as shown in Fig. 2.
Therefore, fine calibrations of I/Q gain and phase errors are
desired to obtain the high IMRR. Moreover, the IMRR of more
than 35 dBc needs to be maintained over wide bandwidth for
the channel-bonding cases, which further increases the design
difficulty.

III. 60-GHz TRX ARCHITECTURE AND

CIRCUIT IMPLEMENTATION

A. Transceiver Architecture
Fig. 3 shows the block diagram of the 60-GHz one-stream

front end. A direct-conversion architecture is employed for
both TX and RX because of wide-bandwidth and low-power
capability [19]. The transmitter adopts the mixer-first topology
for achieving wideband gain characteristics with low power
consumption. It consists of a six-stage power amplifier (PA),
differential pre-amplifiers, I/Q double-balanced passive
mixers, and a QILO. To realize the wideband and linear
characteristics, the receiver employs an open-loop baseband
amplifier based on the flipped voltage follower (FVF)
and a current-bleeding mixer. The receiver is composed
of a four-stage low noise amplifier (LNA), differential
RF amplifiers, I/Q current-bleeding mixers, a QILO, and
baseband amplifiers. The LO consists of the 60-GHz QILO
and a 20-GHz PLL. The 60-GHz QILO works as a frequency
tripler with the integrated 20-GHz PLL. It can generate
seven carrier frequencies with a 36/40-MHz reference,
58.32 GHz (ch.1), 60.48 GHz (ch.2), 62.64 GHz (ch.3), and
64.80 GHz (ch.4) defined in the IEEE 802.11ad/WiGig, and
59.40 GHz (ch.1 and ch.2), 61.56 GHz (ch.2 and ch.3 or
ch.1–ch.4), and 63.72 GHz (ch.3 and ch.4) aiming for channel
bonding in the IEEE 802.11ay, as shown in Fig. 4.

B. Transmitter
Starting from the TX topology consideration, Fig. 5(a)

shows a conventional design of the 60-GHz direct-conversion
transmitter. The 5-GHz baseband bandwidth requires large
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Fig. 4. Channels defined by the IEEE 802.11ad/WiGig standard.

Fig. 5. Block diagram of (a) conventional 60-GHz direct-conversion
transmitter [18] and (b) proposed mixer-first transmitter.

power consumption for this topology because of low-pass
nature of baseband amplifiers. For example, each baseband
amplifier consumes 11 mW while achieving less than 3-GHz
bandwidth in [18]. Therefore, in this paper, the wide 5-GHz
baseband bandwidth for both gain and input impedance is
maintained by the proposed mixer-first topology. The detailed
circuit implementation will be explained later in this section.
Basically, this topology contributes to improving base-
band gain characteristics and reducing power consumption.
In addition, as shown in Fig. 5(b), increasing RF gain by
adding more stages for the PA and decreasing baseband gain
by removing baseband amplifiers, the linearity requirement for
the mixer block is relaxed. For instance, a 15-dB increase in
the PA gain leads to a 15-dB reduction of the required output
third-order intercept point for the mixer and RF amplifier
group. Consequently, the number of LO buffer stages can be
reduced. The LO buffers have to amplify four paths of 60-GHz
signals in case of differential topology, which are very power-
hungry. Even through a 13-mW increase in RF path is con-
sidered, the reduction of the LO buffers contributes to saving
45-mW power consumption in total. As a result, the mixer-
first topology achieves wider bandwidth and reduces power
consumption.

It is well known that in software-defined radios, the mixer-
first receiver can be used to realize tunable RF character-
istics with high linearity [20], [21]. The baseband low-pass
characteristics can be up-converted by a passive mixer. Thus,
the RF bandpass characteristics is controlled by baseband
circuitry, as shown in Fig. 6(a). In this paper, the mixer-
first topology is applied to a millimeter-wave transmitter
for realizing wide baseband characteristics. A wide-and-flat
gain characteristic, such as 57–66 GHz, is realized at the
RF side, which is down-converted by a passive mixer. Hence,
a 4.5-GHz wide-and-flat gain at baseband side can be obtained,
as shown in Fig. 6(b). In addition, the 50-� input impedance
is also maintained by the mixer-first topology.

Fig. 6. Simplified block diagram of (a) mixer-first receiver and (b) proposed
mixer-first transmitter.

Fig. 7. Circuit schematic of the mixer-first transmitter.

Fig. 8. Simulated S11 seen at the baseband input port of the TX mixer.

Fig. 7 shows the detailed circuit schematic of the mixer-first
transmitter (I or Q path). It consists of a double-balanced pas-
sive mixer and a differential resistive-feedback RF amplifier
with a matching network. The baseband input impedance (Z in)
can be roughly calculated as [22]

Z in(ωBB)

= RBB �

{
RSW + 4

π2 [ZRF(ωBB+ωLO)+ZRF(ωBB−ωLO)]
}

(3)

where ωBB and ωLO represent the baseband frequency and
LO frequency, respectively. ZRF is the input impedance of
the RF amplifier including the matching network. RSW is the
ON-resistance of the switch. To achieve a wide-and-flat
impedance characteristic at RF side, a resistive-feedback topol-
ogy is applied to a differential amplifier with a capacitive-cross
coupling neutralization. The matching block is used to com-
pensate an imaginary part of ZRF. The shunt resistors RBB are
also used for maintaining 50-� input impedance over the four
channels. Fig. 8 shows the simulated S11 seen at the baseband
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Fig. 9. Analysis model of the TX quadrature mixer LO leakage.

input port of the TX mixer. The magnitude of S11 is lower
than −17 dB over 10-GHz bandwidth, which demonstrates
the wideband characteristic. This will ease the implementation
of the matching network between the baseband input of
the mixer and the output of the low-pass filter (LPF) in
baseband circuitry, since the output of the LPF generally has a
100-� (differential) interface.

The current sources at the baseband input are used for
LO leakage calibration. It is known that the LO leakage
of the quadrature mixer can be minimized by adding the
DC offset voltage at the baseband input [23], [24]. Its
principle is explained using the analysis model shown in
Fig. 9. VDCI and VDCQ are DC offset voltages applied at
the baseband input of I path and Q path, respectively. The
baseband signal has a frequency of ωB and an amplitude
of VB . The frequency of the carrier signal is ωc with an
amplitude of VLO. The LO leakage for each mixer is modeled
as a scaled (LI and LQ) and phase-shifted (θI and θQ) signal
of each LO input. K represents the conversion gain of the
mixer. Therefore, the combined output signal is expressed as

y(t) = yleak(t) + ysig(t) (4)

where yleak(t) is the LO leak at the combined output

yleak(t) = A cos(ωct + α) + B sin(ωct + β) (5)

A =
√

K 2
I V 2

DCI + V 2
LOIL

2
I + 2KIVDCIVLOILI cos θI (6)

α = arctan

(
VLOILI sin θI

KIVDCI + VLOILI cos θI

)
(7)

B =
√

K 2
QV 2

DCQ+V 2
LOQL2

Q + 2KQVDCQVLOQLQ cos θQ

(8)

β = arctan

(
VLOQLQ sin θQ

KQVDCQ + VLOQLQ cos θQ

)
(9)

and ysig(t) contains the desired signal and image signal
(if KIVBI �= KQVBQ)

ysig(t) = KIVBI + KQVBQ

2
cos[(ωc − ωB)t]

+ KIVBI − KQVBQ

2
cos[(ωc + ωB)t]. (10)

Hence, the relative LO leakage is calculated using the
following equation:

η|dBc = 20 log
2C

KIVBI + KQVBQ
(11)

where

C =
√

A2 + B2 − 2AB sin(α − β). (12)

The required DC offset voltages and voltage tuning
resolution (VDC,res) can be estimated by solving (11).
In CMOS implementation, the leakage phase shift is very close
to zero (θI ≈ θI ≈ 0◦). Then, (11) has a simplified formation

η|dBc

= 10 log
4K 2

I

(
VDCI + VLOI LI

KI

)2 + 4K 2
Q

(
VDCQ + VLOQ LQ

KQ

)2

(KIVBI + KQVBQ)2 .

(13)

It is interesting to know that (13) is an ellipse equation
in VDCI–VDCQ plane with the semimajor axis of a and
semiminor axis of b (or vice versa). The center point of the
ellipse is (VDCI,opt, VDCQ,opt), which corresponds to η = 0

a = 10
η
20

(KIVBI + KQVBQ)

2KI
(14)

b = 10
η
20

(KIVBI + KQVBQ)

2KQ
(15)

VDCI,opt = − VLOILI

KI
(16)

VDCQ,opt = − VLOQLQ

KQ
. (17)

Therefore, VDC,res is determined by the minimum values
among a, b, |VDCI,opt|, and |VDCQ,opt|

VDC,res = min(a, b, |VDCI,opt|, |VDCQ,opt|). (18)

Consequently, the optimum offset current (IDCx,opt) and
required current resolution (IDC,res) are expressed as

IDCx,opt = VDCx,opt

Z in(ωBB)|ωBB=0,x
(19)

IDC,res = VDC,res

Z in(ωBB)|ωBB=0,x
(20)

where the footnote x is I or Q. To obtain some quantitative
values, the following design parameter is used. The conversion
gain of the I/Q mixer is −10 dB. The baseband input power
of each path is 0 dBm. The LO amplitude is 1.2 V for I and Q
path. LI and LQ are both −30 dB. The target η is −50 dBc.
In this condition, VDC,res is dominated by a(= b), which is
about 1.4 mV. The corresponding IDC,res is around 24 μA
with the baseband input resistance of 59 �. In practical
implementation, IDCx,opt and IDC,res fluctuate under process,
voltage, and temperature (PVT) variation. It should be
taken into consideration that re-calibration schemes and
enough design margin for the offset current tuning range and
resolution are prepared.

Fig. 10 shows the circuit schematic of the six-stage PA.
A transmission-line (TL)-based design is employed to achieve
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Fig. 10. Schematic of the 60-GHz PA.

Fig. 11. Cross-sectional view of the TL.

a reliable simulation and flexible layout [25]. The struc-
ture of the TL is shown in Fig. 11. Only the top metal
layer (MT) is used for the signal line. The signal line is
isolated from the substrate by two metal layers (M1 and
M2). A MIM TL with the MIM capacitors shunt-connected
alongside the TL is used for the de-coupling of the power
supplies. A common-source topology is chosen for each gain
stage due to its high linearity. The transistor size is gradually
increased from the input stage to the output stage of the PA
with the consideration of power consumption and linearity.
The multistage gain peaking technique [6] is adopted for
realizing wide and flat gain characteristics. Fig. 12 shows
the simulated gain of the PA at different temperatures and
supply voltages. The maximum gain difference within the
8.64-GHz bandwidth is kept around 1.3 dB over temperature
and voltage variation. However, the absolute gain of the PA
varies obviously, which necessitates the use of compensation
and calibration techniques, such as constant-gm biasing, low-
ripple voltage regulators, gain calibration loop, and so on, in
practical implementation.

C. Receiver

For the mm-Wave receiver design, the noise figure, linearity,
gain flatness, and frequency-dependent I/Q mismatch should
be considered. Especially for the four-channel bonding con-
dition, the noise floor becomes at least 98 dB higher from
−174 dBm/Hz. The peak SNDR of the RX also suffers from
the non-linearity of the receiver chain. In addition, it is difficult
to use a close-loop baseband amplifier for improving linearity
and gain flatness due to the wide bandwidth. Thus, in this
paper, an open-loop baseband amplifier based on the FVF [26]
is employed to maintain both gain flatness and linearity with
reasonable power consumption.

Fig. 12. Simulated gain of the PA versus frequency at (a) different
temperatures with 1.2-V supply and (b) temperature of 27 °C with different
supply voltages.

Fig. 13 shows the detailed circuit schematic of one unit cell
used for the first and second stage of the baseband amplifier.
The unit cell consists of two amplifier stages. The first stage is
a modified FVF amplifier with resistors Rs and capacitors Cs

connected between the source terminals of M1 and M2. The
voltage gain of the first stage can be expressed as

AV ,1st(ω) ≈ 1

gm3 · [rds3 � Rs � (1/jωCs)] . (21)

The second stage is an active-load common-source amplifier
with common-mode feedback loop. The voltage gain of the
second stage is

AV ,2nd(ω) ≈ gm7 · [rds7 � rds9 � RL � (1/jωCL)] (22)
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Fig. 13. Circuit schematic of one unit cell for the first and the second stage
of the baseband amplifier.

where CL represents the capacitor between the output node
of the second stage and ground. Assuming that rds3 � Rs ,
rds7 � RL , and rds9 � RL , the voltage gain of the unit cell is

AV ,BB(ω) = AV ,1st(ω) · AV ,2nd(ω) ≈ gm7 · [RL � (1/jωCL)]
gm3 · [Rs � (1/jωCs)]

(23)

where gm3 and gm7 are the transconductance of M3 and M7,
respectively. Basically, the voltage gain is determined by
the gm ratio and resistance ratio. The non-linearity of the
amplifier is reduced because of the similar bias conditions for
M3 (M4) and M7 (M8). The capacitor Cs is used for a gain
peaking at high frequencies. So, a flat-and-linear characteristic
can be realized by an open-loop amplifier. Considering that
M3 (M4) and M7 (M8) have the same channel length and bias
conditions, (23) can be simplified as the following equation at
low frequency:

AV ,BB ≈ N
RL

Rs
, N = WM7

WM3
= WM8

WM4
. (24)

Fig. 14 shows the simulated voltage gain of the baseband
amplifier versus frequency. A −3-dB bandwidth of 4.6 GHz
is achieved at 27 °C with 1.2-V supply voltage. As will be
discussed later in Section IV, a mismatch in cutoff frequencies
of baseband amplifiers can cause frequency-dependent I/Q
mismatch. This FVF-based amplifier can relax the influence
of the mismatch due to its high cutoff frequency. However,
the variation of the supply voltage and temperature causes
the change of the gain flatness and −3-dB bandwidth as
shown in Fig. 14. It is mainly because the transistors deviate
from the designed operation condition with constant-voltage
biases when the temperature and supply voltage change.
In practical uses, it is better to employ temperature-insensitive
bias techniques and on-chip voltage regulators to mitigate
those effects. Fig. 15 shows the Monte Carlo simulation results
of the baseband amplifier, which estimates the influence of the
random mismatch between transistors M3 (M4) and M7 (M8)
on the linearity of the baseband amplifier. A ±10% random

Fig. 14. Simulated voltage gain of the baseband amplifier versus frequency
at (a) different temperatures with 1.2-V supply and (b) temperature of 27 °C
with different supply voltages.

Fig. 15. Monte Carlo simulation results of the baseband amplifier.
(a) Simulated IIP3 versus number of simulation. (b) Calculated probability
histogram of IIP3.

mismatch among the transistors M3, M4, M7, and M8 of the
second FVF stage is applied in the simulation. The simu-
lated input third-order intercept point (IIP3) varies between
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Fig. 16. Circuit schematic of the current-bleeding down-conversion mixer.

Fig. 17. Circuit schematic of (a) 60-GHz LNA and (b) RF amplifier.

−23 and −26.5 dBm considering the random mismatch, while
the simulated IIP3 is around −25 dBm without the mismatch.

Fig. 16 shows the circuit schematic of the double-balanced
down-conversion mixer. The input stage has a capacitive-cross-
coupling for higher gain. To reduce the required LO power, a
known technique called current bleeding [27] is applied, which
contributes to reducing power consumption of LO buffers. The
TLs are placed between the neutralized mixer input stage and
the switching stage to maximize the power transfer. In the
current-bleeding paths, the series TLs and shunt capacitors
are used to form a high impedance at the RF frequency. The
simulated IIP3 and noise figure of the mixer are −7.5 dBm and
17 dB, respectively. The estimated (averaged) input second-
order intercept point from the Monte Carlo simulation is
about 12.4 dBm. In this condition, the estimated SNDR at
the output of the mixer is around 31 dB for a typical input
power of −30 dBm, which has enough margin (about 9 dB)
for the 64-QAM communication. The LNA uses a four-stage
common-source topology as shown in Fig. 17(a). The input
matching block of the LNA has a shunt-grounded structure
for electrostatic discharge protection. The matching block

Fig. 18. Conventional I/Q mismatch calibration method.

Fig. 19. Circuit schematic of the 60-GHz QILO.

is designed with low-impedance MIM TLs, 50-� TLs, and
parallel-line transformers. The differential mismatch of the
transformer is compensated by the common-mode rejection
of the RF amplifiers shown in Fig. 17(b).

D. I/Q Mismatch and LO Leakage Calibration

It is known that the I/Q mismatch has significant influence
on the EVM performance of the 60-GHz transceiver.
Unfortunately, as shown in Fig. 18, conventional tunable
RF/analog amplifiers cannot realize individual and fine-tuning
for the gain and phase mismatch. Even though digital-
baseband techniques can achieve fine and separate calibration
of the gain and phase error, they require extra high-speed
baseband circuitry with large power consumption and area
penalty. A mm-Wave phase shifter using an injection-locked
oscillator is reported for a phased-array receiver [28], and
this technique can be applied to a QILO. A fine I/Q phase
calibration is realized by adjusting free-running frequency of
the QILO, and a 10-bit DAC is used for a DC-domain fine
tuning of the control voltage of the QILO varactor [11], [12].
The schematic of the 60-GHz QILO implemented in this
paper is shown in Fig. 19. To satisfy the phase tuning
requirement, the free-running frequency of the QILO is
designed to cover from 58 to 66 GHz, which is wider than
the required carrier frequency range (58.32–64.8 GHz). The
frequency tuning is implemented by a 3-bit switched capacitor
bank and a varactor controlled by the 10-bit DAC.

Fig. 20 shows the I/Q mismatch-calibration technique used
in this paper, which can realize the fine phase calibration
and compensate the I/Q gain and phase errors separately.
The variable-gain RF amplifiers are used for the I/Q gain
calibration. A 10-bit DAC is used to tune the gate bias voltage
of the RF amplifier for gain adjusting. The QILO is used as
a very-fine phase shifter for the fine I/Q phase calibration.
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Fig. 20. Proposed I/Q mismatch calibration method.

Fig. 21. Simulated gain difference of the I/Q RF amplifier when the gate
bias of the I and Q amplifier is 0.6 and 0.55 V, respectively, at (a) different
temperatures with 1.2-V supply and (b) temperature of 27 °C with different
supply voltages.

Because the proposed phase tuning has negligible influence
on the gain characteristic, individual tuning for the gain and
phase mismatch can be realized. The LO leakage is minimized
by adjusting the DC level at the baseband input of the TX
through the current sources and shunt resistors. The whole
transceivers can be calibrated by the following order: TX LO
leakage, TX I/Q gain mismatch, TX I/Q phase mismatch,
RX I/Q gain mismatch, and RX I/Q phase mismatch. It is
worthy of knowing that the performance of the calibrated
(I/Q mismatch and LO leakage) transceiver may be degraded
over corners. Fig. 21 shows the simulated gain difference
of the I/Q RF amplifiers, which are used for the I/Q gain
mismatch calibration. The I-path amplifier is biased at 0.6 V.

Fig. 22. Simulated phase difference between I output and Q output of the
QILO at different temperatures.

Fig. 23. Wideband I/Q mismatch challenge.

The Q-path amplifier is biased at 0.55 V. This imitates the
bias-tuning operation during the calibration. It is shown that
the gain difference between I and Q path is not kept the
same over temperature and supply voltage variations. In the
simulation, the varied gain difference can be over 0.4 dB,
which causes an IMRR of worse than 33 dBc. Fig. 22
shows the simulated phase difference between I output and
Q output of the QILO at different temperatures. The phase
difference is optimized to 90° around the temperature of 27 °C,
while, in the worst case, the phase difference is shifted
to 95°, which corresponds to an IMRR of 27 dB. Therefore,
a PVT-variation tolerant design [29] and automatic detection
and calibration technique [30] are necessary for maintaining
the system performance.

IV. FREQUENCY-INTERLEAVED 60-GHZ TRANSCEIVER

By utilizing the techniques discussed earlier, the imple-
mented transceiver can realize four-channel bonding with
16 QAM, which will be shown in Section V. However, it
is still difficult to realize four-channel bonding with 64 QAM
achieving 42.24-Gb/s data rate. One of the dominant issues is
the frequency-dependent I/Q mismatch, as shown in Fig. 23.
For 64-QAM four-channel-bonding applications, an IMRR
of more than 35 dBc should be satisfied over 4.32-GHz
bandwidth in consideration of other impairment degradations.
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Fig. 24. Example of frequency-dependent I/Q mismatch dominated by baseband parts. (a) Un-calibrated gain characteristic of I path and Q path versus
frequency. (b) Phase difference between I path and Q path versus frequency. (c) Gain difference between I path and Q path versus frequency. (d) Calculated
IMRR versus frequency and EVMIMRR,int within 4.32-GHz bandwidth.

Unfortunately, the IMRR will be degraded along with the
frequency even using the proposed calibration technique.

To gain more detailed insight of this issue, (2) can be
extended to a frequency-dependent formation. Note that the
analysis and discussion presented in the following are mainly
for the SC mode. Since the I/Q mismatch can be compensated
for individual sub-carriers in OFDM mode, the frequency-
dependent IMRR has less effects on the system EVM.

|IMRR(ω)| =
∣∣∣∣ Psig(ω)

Pimg(ω)

∣∣∣∣ =
∣∣∣∣γ

2(ω) + 2γ (ω) cos[�φ(ω)]+1

γ 2(ω) − 2γ (ω) cos[�φ(ω)]+1

∣∣∣∣
(25)

where

γ (ω) = α(ω)

β(ω)
(26)

Psig(ω) = 1

8

{
α2(ω) + 2α(ω)β(ω) cos[�φ(ω)] + β2(ω)

}
(27)

Pimg(ω) = 1

8

{
α2(ω) − 2α(ω)β(ω) cos[�φ(ω)] + β2(ω)

}
(28)

where α(ω) is the gain of the in-phase path. β(ω) is the
gain of the quadrature-phase path. �φ(ω) is the phase dif-
ference between in-phase path and quadrature-phase path.

Psig(ω) represents the desired signal power. Pimg(ω) denotes
the un-wanted image power.

Therefore, an integrated EVM (EVMIMRR,int) induced by
the frequency-dependent I/Q mismatch can be evaluated using
the following equation:

EVMIMRR,int = 1

SNRIMRR,int
=

∫
Pimg(ω)dω∫
Psig(ω)dω

. (29)

SNRIMRR,int is the ratio of the integrated desired signal power
to the integrated image power over the frequency band of
interest. It should be pointed out that the integrated EVM
is calculated, assuming the signal tones are not correlated.
This assumption gives a handy expression for a quantitative
but rough estimation of the frequency-dependent IMRR issues.
More accurate results should be obtained by the comprehen-
sive system simulation and measurement.

The main cause of the frequency-dependent I/Q mismatch
is the mismatch in cutoff frequencies, especially at baseband
paths. Fig. 24 shows an example how the baseband
mismatch and proposed calibration technique influence the
IMRR and EVM of the system. It is assumed that the I path
and Q path both exhibit a third-order low-pass characteristic
at baseband side, which is a bandpass response referred to RF
frequencies. The −3-dB bandwidth of I path is 4.1 GHz, while
that of Q path is 3.9 GHz. This models the cutoff frequency
mismatch, which generally occurs in baseband paths.
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Fig. 25. Example of frequency-dependent I/Q mismatch dominated by RF parts. (a) Un-calibrated gain characteristic of I path and Q path versus frequency.
(b) Phase difference between I path and Q path versus frequency. (c) Gain difference between I path and Q path versus frequency. (d) Calculated IMRR
versus frequency and EVMIMRR,int within 4.32-GHz bandwidth.

The carrier frequency is 61.56 GHz. In this example, the
un-calibrated I/Q phase mismatch includes a constant phase
error of 3° and phase errors caused by the cutoff frequency
mismatch shown in Fig. 24(b). The un-calibrated I/Q gain
mismatch is also composed of a constant gain error of 1 dB
and gain errors due to the cutoff frequency mismatch shown
in Fig. 24(c). It can be observed in Fig. 24(d) that the IMRR
is less than 25 dBc over the 4.32-GHz frequency band
of interest (two channel bonding) without calibration. The
corresponding EVMIMRR,int is about −23.6 dB, which is far
from the target value of −35 dB. For demonstration simplicity,
the following assumptions are made for the calibration
applied in Figs. 24 and 25: 1) the phase error and gain error
calibration have no mutual influence on each other and 2) the
gain tuning value and phase tuning value are constant over
the frequency band of interest. The calibration is performed
at 61.66 GHz, where a peak IMRR is observed in Fig. 24(d).
The corresponding EVMIMRR,int is −34.7 dB over the
4.32-GHz band. It should also be pointed out that
the calibrated EVMIMRR,int is degraded to −28.1 dB if the
bandwidth is extended to 8.64 GHz (four channel bonding).
This gives a quantitative demonstration of the critical
frequency-dependent I/Q mismatch issue for four channel
bonding.

Similarly, the influence of the cutoff frequency mismatch at
RF paths is modeled and exemplified in Fig. 25. Both I path
and Q path show the third-order bandpass characteristic with

the −3-dB bandwidth of 7 GHz at RF paths. The top-side and
bottom-side cutoff frequencies of the Q path are 400-MHz
lower than those of the I path. The un-calibrated I/Q phase
mismatch consists of a constant phase error of 3° and phase
errors caused by the cutoff frequency mismatch shown in
Fig. 25(b). The un-calibrated I/Q gain mismatch is composed
of a constant gain error of 1 dB and gain errors due to the
cutoff frequency mismatch shown in Fig. 25(c). An obvious
improvement of IMRR and EVMIMRR,int (within 4.32-GHz
bandwidth) can be observed when the calibration is conducted
at 61.66 GHz. It is also shown that the frequency-dependent
I/Q mismatch limits the achievable IMRR at the frequency
away from the calibration point. Furthermore, 8-bit 14.08-GS/s
ADCs are normally required to support the four-channel
bonding in 64 QAM, which are usually realized by massive
time-interleaved ADCs. The ADC may consume several
hundreds of mW power, as summarized in Fig. 26 [31].

In this paper, to cope with the wideband I/Q mismatch
issue and the ADC requirement, the FI architecture is
implemented for the 60-GHz transceiver. Fig. 27 shows the
proposed FI front-end design. The transceiver is composed
of two direct-conversion FI transceivers. Each FI transceiver
consists of an individual FI transmitter, FI receiver, and LO.
A control-logic block is integrated to manage the operation
of both FI transceivers. The two FI transceivers operate
simultaneously within different frequency bands. One of the
TRX is working in the low band (LB; 57.24–61.56 GHz),
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Fig. 26. Summarized ADC power consumption versus sampling rate.

Fig. 27. Proposed 60-GHz two-stream FI transceiver topology.

while the other one is working in the high band (HB; 61.56–
65.88 GHz). Therefore, the required bandwidth of individual
FI transceiver for EVMIMRR,int < −35 dBc is reduced from
8.64 to 4.32 GHz. The corresponding sampling rate of the
ADC is also reduced to 7.04 GS/s. The architecture of each
FI transceiver is similar to that of the one-stream transceiver,
except the asymmetric QILO used for enhancing the locking
range [10], the PA with higher P1dB, the injection-locked
frequency divider with wider locking range, and the baseband
amplifier with improved linearity.

V. MEASUREMENT RESULTS

Figs. 28 and 29 show the die micrographs of the 60-GHz
one-stream transceiver and two-stream FI transceiver,
respectively. Both RF chips are fabricated in the standard
65-nm CMOS technology. The core area of each transceiver
chip is 3.85 and 7.18 mm2, respectively. Tables II and III
summarize the power consumption and area breakdown of
the transceivers.

Fig. 30 shows the measured conversion gain of the
transmitter. The LO frequency ( fLO) is 61.56 GHz, which is

Fig. 28. Die micrograph of the 60-GHz one-stream transceiver.

Fig. 29. Die micrograph of the 60-GHz two-stream FI TRX.

Fig. 30. Measured conversion gain of the transmitter (bottom sideband)
versus baseband frequency with fLO = 61.56 GHz.

the center frequency of the four channels. The wide-and-flat
gain characteristic is implemented by the proposed mixer-first
transmitter. Fig. 31 shows the measured conversion gain of
the receiver. The LO frequency ( fLO) is 61.56 GHz. Because
the output nodes of the mixers have DC-cut capacitors, the
measured bottom-side cutoff frequency is 0.27 MHz. The
top side is more than 4 GHz. A very wide-and-flat gain
characteristic can be observed.
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TABLE II

POWER CONSUMPTION BREAKDOWN SUMMARY

TABLE III

CORE AREA BREAKDOWN SUMMARY

Fig. 31. Measured conversion gain of the receiver (bottom sideband) versus
baseband frequency with fLO = 61.56 GHz.

Fig. 32 shows the measured characteristics of the
one-stream transceiver. Both TX and RX cover four channels.
The TX conversion gain is about 15 dB, excluding the
PCB loss. The saturated output power is 10.3 dBm at
the center frequency of 61.56 GHz. The output power is
measured for both a stand-alone PA and a transceiver chip
implemented on a PCB. The PCB loss is estimated from
the difference between these saturated output powers. The
LO leakage is less than −47 dBc as shown in Fig. 33.
The IMRR of more than 41 dB is achieved at the 0.5-GHz

offset after the I/Q calibration. The PA consumes 115 mW,
and the two differential amplifiers and mixers consume
16 mW. The RX conversion gain is more than 20 dB,
excluding the PCB loss. The SNDR at the center frequency
of 61.56 GHz is estimated from the measured third-order
intermodulation (IM3) and noise figure of the RX PCB.
A peak SNDR is 30.3 dB excluding the PCB loss. The power
consumptions of LNA, two differential amplifiers, two mixers,
and two BB amplifiers are 41, 19, 23, and 30 mW, respectively.

The phase noise measured at the TX output is
−96.5 dBc/Hz@1-MHz offset from the center frequency of
61.56 GHz, as shown in Fig. 34. The measured free-running
frequency of the QILO covers from 58 to 66 GHz. The 20-GHz
PLL consumes 64 mW. The QILOs for TX and RX consume
19 and 15 mW, and I/Q LO buffers consume 37 and 28 mW,
respectively.

Fig. 35 shows the measured TX EVM as a function of
the averaged output power. An SC 16 QAM is applied with
7.04-Gb/s data rate in channel 3. The EVM approaches the
optimum value of −28.4 dB around 5.4-dBm output power.
It also can be observed that the TX EVM is lower than −21 dB
(16-QAM requirement) for a wide output power range.

The measurement setup for the TX-to-RX performance of
the one-stream TRX is shown in Fig. 36(a) and (b). Two PCBs
with 14-dBi horn antennas are used. One is for TX mode and
the other is for RX mode with on-board 36-MHz TCXOs. The
modulated I/Q signals are generated by an arbitrary waveform
generator (Tektronix AWG70002A) with the symbol rates of
1.76 GS/s (for one channel) and 7.04 GS/s (for four-bonded
channel), and a roll-off factor of 25%. The TX output spectrum
is measured with a spectrum analyzer and a down-conversion
mixer. An oscilloscope (Tektronix DSA73304D) with an
adaptive RX equalizer is used to evaluate the constellation
and EVM as shown in Fig. 36(c). To estimate the required
number of equalizer taps for the implemented transceiver,
MATLAB simulations similar to Fig. 1 are performed. The
TRX gain characteristic is modeled by the frequency response
of a fourth-order FIR filter with about 10-dB variation within
7.04-GHz bandwidth. It is observed that the gain flatness of
this assumption is worse than the measured TX/RX gain char-
acteristics in Figs. 30 and 31. An RLS linear equalizer is used
in the receiver for the estimation. The symbol rate is 7.04 GS/s
in 64 QAM on SC mode. It can be seen that with ten taps, the
equalizer can successfully suppress the gain variation between
−0.4 and 0.2 dB, which leads to an EVM of −34.9 dB.
Furthermore, from the literature [32], it is known that a
15-tap 28-Gb/s equalizer can be implemented in CMOS
processes with reasonable power consumption and area.
Therefore, the equalizer setting in the measurement
equipment could be a realistic model for the baseband
circuitry, which will not influence the observations and
conclusions made in this paper. In this measurement, a
maximum distance is defined by a TX-to-RX EVM of
−9.8 dB for QPSK, −16.5 dB for 16 QAM, and −22.5 dB
for 64 QAM for a theoretical BER of 10−3. Figs. 37–39
show the measured constellation with spectrum, EVM, and
maximum communication distance. The measured TX-to-
RX EVM (= −SNR) in 64 QAM is less than −23.9 dB
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Fig. 32. Measured characteristics of the one-stream TRX front end. (a) Conversion gain of TX. (b) Conversion gain of RX. (c) Output power of TX.
(d) Output power, IM3, noise floor, and SNDR of RX for channel 1.

Fig. 33. Measured spectrum of the TX output with 0.5-GHz baseband input
signal.

for every channel with a data rate of 10.56 Gb/s, and
−26.3 dB is achieved at channel 4. By using the four-bonded
channel, 14.08 Gb/s in QPSK and 28.16 Gb/s in 16 QAM
have been achieved within a BER of 10−3. The maximum
communication distances with 14-dBi horn antennas are 2.4,
2.0, 2.6, and 0.9 m in QPSK, 0.7, 0.6, 0.6, and 0.4 m in
16 QAM, and 0.08, 0.08, 0.13, and 0.06 m in 64 QAM for
channels 1–4, respectively. All the spectrum meets the mask
requirement defined in the IEEE 802.11ad/WiGig standard.

Recalling to (1), it would be interesting to have a breakdown
of the measured TRX EVM and discuss the limiting factor.
The measurement results for the four-channel bonding in
16 QAM are chosen as an example, since most of the required
data for the breakdown have already been obtained. It is
known that the measured TX-to-RX EVM and TX EVM are
−17.2 and −20.0 dB, respectively. The estimated RX EVM is
around −17.9 dB. Obviously, the impairments in the receiver

Fig. 34. Measured phase noise at the TX output with fLO = 61.56 GHz.

Fig. 35. Measured TX EVM with 16 QAM in channel 3.

limit the transceiver performance. Similar to Fig. 32(d), the
calculated maximum RX SNDR for four-channel bonding is
about 26.6 dB. The measurement equipment shows the gain
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Fig. 36. (a) Photograph of measurement setup for TX-to-RX performance. (b) Measurement setup for TX-to-RX performance. (c) Measurement setup for
TX performance (one-stream TRX).

Fig. 37. Measured TX-to-RX performance in 64 QAM.

and phase imbalance of the received signal are 0.74 dB and
0.26°, respectively. It corresponds to an IMRR of 27.4 dB. The
integrated phase noise of the carrier is −28.7 dB, considering

Fig. 38. Measured TX-to-RX performance in 16 QAM.

a 400-kHz carrier tracking bandwidth. Because the influence
of the LO feed-through is trivial for the receiver, it is omitted
in the analysis. Therefore, the unknown impairment in (1),
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Fig. 39. Measured TX-to-RX performance in QPSK.

Fig. 40. Measured performance using the IEEE 802.11ad/WiGig packets in
channel 3.

Fig. 41. Measured FI-TX (LB) IMRR versus baseband frequency.

EVMGF, is estimated to be −18.0 dB, which indicates that
the gain flatness of the receiver finally limits the transceiver
performance.

The measurement result by using the IEEE 802.11ad/WiGig
packets in channel 3 is demonstrated in Fig. 40. For MCS 9
and 12, the TX EVM is −27.1 and −27.0 dB, respectively.
For OFDM MCS 24, the TX EVM is −26.5 dB, and the
TX-to-RX cascaded EVM is −21.3 dB.

To demonstrate the frequency-dependent I/Q mismatch, the
measured IMRR of the FI transmitter (LB) versus the baseband
frequency is shown in Fig. 41. The IMRR is calibrated
with 100-MHz baseband input. The optimum IMRR at the
calibration frequency is 55 dBc, which corresponds to a phase
error of 0.2° or a gain error of 0.03 dB. A wideband IMRR

Fig. 42. Measured FI-TX (LB) EVM versus output power.

Fig. 43. Measured constellation and performance summary of the FI TRX.

Fig. 44. Measurement setup for TX-to-RX performance of the FI TRX.

characteristic (≥35 dBc for around 2-GHz bandwidth) is also
observed. However, the measured IMRR degrades prominently
with the increasing of the baseband frequency, which indicates
the degradation of EVM performance for direct four-channel
bonding. The measured EVM of the FI-TX (LB) shows that
the optimum EVM for two-channel bonding (ch.3 and ch.4)
in 64 QAM is −27.4 dB, while it is only −21.5 dB for
four-channel bonding, as shown in Fig. 42.

Fig. 43 shows the measured constellation and performance
summary of the FI transceiver. Two PCB boards are used in
the measurement, as shown in Fig. 44. One is for TX mode
and the other is for RX mode. All the FI-transmitters on the
PCB board in TX mode are operating during the measurement,
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Fig. 45. Measured characteristics of the FI TRX front end. (a) Conversion gain of TX. (b) Conversion gain of RX. (c) Output power of TX. (d) Output
power, IM3, noise floor, and SNDR of RX for ch.3 and ch.4 bonding.

while the FI-receivers are working on the PCB board in
RX mode. The modulated baseband signals are generated by
two AWGs (Keysight M8190A and M8195A) with a symbol
rate of 3.52 GS/s (for two-channel bonding) and a roll-off
factor of 25%. Two oscilloscopes (Keysight DSO90904 and
DSO91304A) are used to evaluate the constellation and EVM
performance. Horn antennas with 14-dBi gain are utilized in
the TX-to-RX EVM measurement. The horizontal distance is
3 cm. The measured TX-to-RX EVM in 64 QAM is −24.1 dB
for LB and −23.0 dB for HB, which satisfy the required EVM
of less than −22.5 dB for a BER of 10−3. The data rates for
both FI-transceiver pairs are 21.12 Gb/s, which demonstrates
a total data rate of 42.24 Gb/s by the FI four-channel bonding.
The spectrum for each TX channel is measured using an
external down-conversion mixer and the oscilloscope.

The measured RF front-end characteristics of the FI
transceiver are shown in Fig. 45. Both FI-TX and FI-RX
realize two-channel bonding. The conversion gain of the TX
is around 10 dB excluding the PCB loss. The saturated output
power is 10.4 dBm at the center frequency of 63.72 GHz. The
output power at 1-dB compression point is 6.1 dBm. The RX
conversion gain is over 24 dB for LB and about 20 dB for
HB, excluding PCB loss. The estimated SNDR at the center
frequency of 63.72 GHz for two-channel bonding is calculated
from the measured output power, IM3, and noise figure of
the RX PCB. The peak SNDR is 32.9 dB. The estimated sen-
sitivity of the FI-RX is −66 and −49.3 dBm for one-channel
QPSK and two-channel bonding 64 QAM, respectively.
Table IV summarizes the RF front-end performance of both
the one-stream transceiver and two-stream FI transceiver.

TABLE IV

RF FRONT-END PERFORMANCE SUMMARY

Table V shows a performance comparison of the state-of-
the-art 60-GHz CMOS transceivers. This paper realizes the
first-reported four-channel bonding in 16 QAM and 64 QAM,
which achieves the data rate of 28.16 and 42.24 Gb/s,
respectively. The front end also covers all of the four channels
and achieves full data rates for QPSK, 16 QAM, and 64 QAM
with the best EVM.
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TABLE V

PERFORMANCE COMPARISON OF 60-GHz CMOS RF FRONT ENDS

VI. CONCLUSION

This paper is the first report of 64-QAM 60-GHz CMOS
transceivers with four-channel bonding. The proposed one-
stream TRX achieves 28.16-Gb/s data rate with an EVM of
−17 dB by using a four-bonded channel in 16 QAM. A best
TX-to-RX EVM of −26 dB in 64 QAM is achieved within
the channel defined by the IEEE 802.11ad/WiGig standard.
This performance is supported by flat gain characteristics,
fine calibration of I/Q mismatch and LO leakage, and low
phase noise. Moreover, with the help of the FI architecture,
four-channel bonding in 64 QAM is viable for the 60-GHz
transceiver, which realizes 42.24 Gb/s with reasonable power
consumption.
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