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Abstract

A high image rejection 38 GHz demodulator in TSMC 65-nm CMOS process is presented. To
achieve better than −40 dBc image rejection ratio (IRR), a low I/Q mismatch 45° LO power
splitter of sub-harmonic mixer is proposed. In this design, the 45° LO power splitter is com-
posed of a Wilkinson divider, a series delay line with electrical length of 45° on one side of the
divider, and a shunt 90° transmission line on the other side. This configuration is attractive
because of its design simplicity and easy fabrication. Compared with the conventional tech-
niques that utilize capacitors and inductors instead of the shunt 90° transmission line, the pro-
posed LO power splitter can alleviate the issue of process variation. The demodulator
demonstrates an IRR lower than −40 dBc from 37.5 to 41.5 GHz. In addition, conversion
gain is 1.3 ± 0.9 dB from 33 to 41 GHz with 6 dBm LO power. The total direct current
power consumption is 78 mW from 1.0 V supply voltage. At the modulation scheme of
4096-QAM, the proposed demodulator demonstrates 1.7% (−35.1 dB) error vector magnitude
(EVM), which is very close to the EVM measurement floor 1.6% (−36 dB) of our millimeter-
wave signal analyzer.

Introduction

For next-generation wireless systems, Wi-Fi 7 will use 4096-QAM in a 6-GHz frequency stand-
ard to increase the channel capacity and spectral efficiency. The IEEE 802.11be (Wi-Fi 7)
standard draft sets a −38 dB requirement on the transmitter error vector magnitude (EVM)
for 4096-QAM [1]. The NHK (Nippon Housou Kyoukai) also proposed a required carrier
to noise (C/N) ratio of around 31 dB for 4096-QAM 8k television transmission [2].
However, as the carrier frequency goes higher, the EVM measurement floor goes higher
from −46 dB at 5.95 GHz to −36 dB at 26 GHz [3]. This paper will study the possibility of
using 4096-QAM in a 38-GHz millimeter-wave (MMW) system that has a carrier frequency
about 6–7 times higher than Wi-Fi 7.

With the Hartley architecture, in order to get good image rejection performance, the ampli-
tudes of the I (in-phase)-path and the Q (quadrature)-path should be the same, and the phase
difference between the I-path and the Q-path should be 90°. As a result, low I/Q mismatch is
important when it comes to achieving good image rejection performance [4,5]. In addition,
EVM can be affected by many factors, one of which being I/Q mismatch. I/Q mismatch
can result in the constellation diagram being distorted [6]. The conventional configuration
of the 45° LO power splitter in sub-harmonic mixer utilizes capacitors and inductors.
However, it is sensitive to process variation, which is unavoidable in semiconductor manufac-
turing. The larger phase imbalance caused by process variation can lead to substantial degrad-
ation in the performance of the system.

This paper proposes a transmission line based 45° LO power splitter, which replaces the
capacitors and inductors with a shunt 90° transmission line at 19 GHz. This configuration
is attractive not only because of its design simplicity and easy implementation, but also its abil-
ity to greatly reduce the effect of process variation.

Circuit design

Sub-harmonic mixer

The schematic of the proposed demodulator is illustrated in Fig. 1. The LO signal is divided by
a 45° LO power splitter into the I (in-phase)-path and the Q (quadrature)-path. On each of the
I-path and the Q-path, a doubly balanced sub-harmonic mixer is utilized along with LO/IF
buffers. This mixer configuration is a simplified version based on [5]. By simplifying the struc-
ture and omitting the usage of transistors at RF, there’s no need for RF bias network. Only the
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RF baluns and the power divider are needed at the RF port. By
selecting the drain bias to be 0 V, bias network at the IF port
can be simplified as well. This configuration has the benefit of
high spur suppression [5].

When deciding the transistor size and gate bias condition of
the mixer, transistor width of 2 μm (65-nm) and Vg of 0.2 V is
chosen for an initial selection. Figure 2(a) plots the conversion
gain (CG) under different fingers from 2 to 20 (the term “finger”
means how many gates a transistor has). As can be observed, fin-
gers from 14 to 20 have higher CG under the same LO power.

Therefore, we focus on the size of 2 μm× 14 fingers (width × fin-
gers). Figure 2(b) plots the simulation results of CG versus LO power
under different gate bias. It can be observed that the highest CG can
be obtained with Vg = 0 V over 0 to 10 dBm LO power. To get max-
imum CG, device size of 2 μm× 14 fingers and Vg = 0V are chosen.

IF/LO buffer design

Two stage inverter buffer amplifiers are added at the IF ports as
IF buffer amplifiers to increase CG. The schematic of an IF buf-
fer amplifier is shown in Fig. 3(a). VDD is set to 1.0 V to get
maximum power and prevent transistors breakdown. For the
first stage of the IF buffer amplifiers, the transistor sizes are 4
μm× 16 fingers (PMOS) and 4 μm× 10 fingers (NMOS). For
the second stage of the IF buffer amplifiers, the transistor
sizes are 4 μm× 30 fingers (PMOS) and 4 μm× 20 fingers

(NMOS). Rf is 500 Ohms. The IF buffers can provide 20 dB
gain with a 3-dB bandwidth of 5 GHz, and its power consump-
tion is 37 mW.

Fig. 1. Schematic of the proposed demodulator, which is composed of a 45° LO
power splitter, two quadrature dividers, two doubly balanced sub-harmonic mixers,
LO/IF buffers and Marchand baluns at the RF port. Phase of LO signal is labeled using
red numbers.

Fig. 2. Simulated conversion gain versus LO input power. (a) different finger number
(transistor width of 2 μm and Vg = 0.2 V is chosen for an initial selection); (b) different
gate bias (transistor size of 2 μm × 14 fingers is decided).

Fig. 3. (a) Schematic of IF buffer amplifier; (b) Schematic of LO buffer amplifier.
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The proposed demodulator utilizes doubly balanced sub-
harmonic mixers, each of which composes of 8 transistors.
Because each of the I-path and the Q-path has a mixer, a total
of 16 transistors are needed. Large LO power is needed to drive
such a large number of transistors. To ease the burden of the

LO power requirement, common source amplifiers with high
impedance load are used as LO buffers, which amplify the voltage
swing to switch transistors easier. Figure 3(b) shows the schematic
of a LO buffer amplifier. Gate bias (Vg) is set to 0.6 V and device
size of 2 μm× 10 fingers is chosen. As shown in Fig. 4, LO buffer
can significantly lower the LO input power requirement, raising
CG at 6 dBm LO power from −19 to 2.5 dB.

Passive components

Passive components play an important role in mixer design.
When designing a sub-harmonic mixer, a passive component
occupies a lot of chip area. To make the layout more compact,
adjusting the size and shape of each component is necessary.

Amplitude imbalance and phase error can significantly affect
the image rejection ratio (IRR) of a modulator/demodulator [4].
Hence at the LO port, it is important to design a four-way quad-
rature divider with minimum amplitude imbalance and low phase
error. The LO signal is divided by a 45° LO power splitter into the
I-path and the Q-path. On each of the I-path and Q-path, there is
a four-way quadrature divider. A four-way quadrature divider is
composed of two baluns and one 90° coupler. Because of sub-
harmonic mixer architecture, the four-way quadrature divider is
designed at a center frequency of 19 GHz. Its amplitude imbal-
ance under 0.1 dB from 17 to 20 GHz.

At RF port, RF Marchand baluns are designed at a center fre-
quency of 38 GHz.

45° LO power splitter

A mixer not only down-converts the desired signal but also the
image signal. A 45° LO power splitter is used to separate the
LO signal into the I-path and the Q-path, creating a 45° phase dif-
ference between the LO signals in these paths. The 45° phase dif-
ference becomes 90° phase difference when the sub-harmonic
mixer mixes the 2LO signals with the RF signals to generate the
IF signals, thus cancelling the image signal. Ideally, the phase dif-
ference between the output ports of the 45° power splitter should
be 45°. The more the phase difference deviates from 45°, the
higher the I/Q mismatch at the LO port, which dominates the

Fig. 5. 45° LO power splitter. (a) the conventional configuration, which utilizes two
capacitors and one inductor; (b) proposed configuration, which replaces the capaci-
tors and inductors with a 90° shunt transmission line at 19 GHz.

Fig. 4. Simulated conversion gain vs LO power with and without LO buffers.

Fig. 6. Phase difference between the output ports of the 45° LO power splitter versus LO frequency. (a) When the capacitance value of the conventional config-
uration is affected by process variation; (b) When the width of the 90° shunt transmission line in the proposed configuration is affected by process variation.
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IRR. As a result, 45° LO power splitter is a key component when
designing modulators and demodulators [4–9].

The circuit configuration of the conventional 45° power split-
ter is shown in Fig. 5(a). It composes of a Wilkinson divider, a
delay line with electrical length of 45°, two capacitors and one
inductor. This configuration is more sensitive to process vari-
ation. That is, if the capacitance value deviates from the optimal
value, the output phase difference is affected heavily. In order to
realize a 45° power splitter less sensitive to process variation, the
two capacitors and one inductor are replaced with a short stub
with electrical length of 90° at 19 GHz, as shown in Fig. 5(b).
According to the quarter-wavelength transmission line theory,
the input impedance of the short stub is in theory infinite at
the desired frequency.

Figure 6 compares the different configurations of 45° power
splitter. It can be observed from Fig. 6(a) that a 10% variation

in capacitance can lead to more than 1° phase error; if the capaci-
tance varies by 20%, phase error can go up to almost 3°. The pro-
posed configuration is less affected by process variation, as shown
in Fig. 6(b). When the width of the 90° shunt transmission line
varies by 0.5 μm, the phase error is 0.5° at most. Even if the
width of the 90° shunt transmission line varies by 1 μm, the
phase error only goes up to approximately 1°. The comparison
shows that the proposed transmission line based configuration
of 45° LO power splitter is more reliable when it comes to dealing
with process variation. When it comes to used chip area, the cap-
acitor/inductor based 45° LO power splitter occupies approxi-
mately half of the area of the proposed one. However, the
proposed transmission line based approach can be bent into a
meander-like layout which fully utilizes chip area and can be
adjusted according to nearby components.

Fig. 7. (a) The measurement setup for the demodulator; (b) Chip photo of the proposed demodulator. The chip area is 1.27 × 1.2 mm2. The 45° LO power splitter,
the four-way quadrature divider (which composes of a coupler and two baluns), the LO buffer, the IF buffer, the mixer core, and the RF balun are indicated.

Fig. 8. Measured CG vs LO power. The RF input power is set to be −10 dBm. The con-
version gain saturates at 6 dBm LO input power.

Fig. 9. Simulated and measured CG and IRR versus RF frequency. The image rejection
ratio is lower than −30 dBc from 33 to 42.5 GHz, and is lower than −40 dBc from 37.5
to 41.5 GHz. Combining 3 dB-criterion with IRR performance, we define the measured
RF bandwidth as 33 to 41 GHz for IRR better than −30 dB. Measured CG is 1.3 ± 0.9 dB
within the RF bandwidth. The measurement results were obtained with LO input
power of 6 dBm and RF input power of −10 dBm.
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Measurement results

The presented 38-GHz demodulator with high image rejection in
TSMC 65-nm CMOS process is designed and fabricated. The chip
photograph of this demodulator is shown in Fig. 7(b) with chip
size of 1.27 × 1.2 mm2 including all the testing pads. The direct
current (DC) pads were wire-bonded to a standard FR-4 printed
circuit board. The differential output signals were tested via
on-wafer GSSG probes. The block diagram of the analog/digital
signal measurement system is shown in Fig. 7(a). The LO source
of the demodulator are fed by the signal generator (Keysight
N5173B EXG X-Series). Then, the down-converted signal IF
was received by oscilloscope (Keysight VSA) and converted time
domain signal to frequency domain. The digital I/Q and OFDM
signal sources are generated by an arbitrary waveform generator
(AWG) (Keysight M8190A) with Signal Studio. In the digital
demodulation measurement, the modulation signal will be
up-converted to 38 GHz by a signal generator (Keysight

Fig. 10. Conversion gain (CG) and IF output power vs RF input power. The 1 dB com-
pression point (IP1 dB) is at 0 dBm RF power.

Fig. 11. The proposed demodulator demonstrates a measured EVM of 1.7% (−35 dB) at the modulation scheme of 4096-QAM. This result is close to the EVM meas-
urement floor (1.6%/−36 dB) of millimeter-wave frequency band. The measurement results were obtained with LO input power of 6 dBm and RF input power of
−10 dBm, which is 10 dB below the IP1 dB point. (a) Constellation diagram; (b) Output spectrum.

Table 1. Performance summary and comparison.

[4]a

TMTT-13
[5]

TMTT-07
[6]

TMTT-13
[11]

JSSC-19
[12]

MWCL-08
[13]

EuMC-12 This work

Process CMOS
65-nm

CMOS
0.13-μm

GaAs pHEMT
0.15-μm

CMOS
65-nm

GaInP-GaAs
HBT

CMOS
0.18-μm

CMOS
65-nm

RF Frequencyb (GHz) 64–84 35–65 51–68 35–38.75 20–40 25–52 33–41

CG 0 ± 1 −7.5 ± 1.5 −14 ± 2 26.5c 8 −16 1.3 ± 0.9

IRR <−40 N/A <−40
@51–65 GHz

<−35 N/A <−15 <−30
@33–42.5 GHz
<−40
@37.5−41.5 GHz

EVM <2%
256-QAM

N/A
BPSK

<5%
64-QAM

N/A N/A
QPSK

N/A
BPSK

1.7%
4096-QAM

Chip area (mm2) 1.05 × 0.82 1 × 1 3.2 × 1.4 0.46 4 × 3 0.6 × 0.7 1.27 × 1.2

DC (mW) 40.8 90.8 420 52.5 981 0 78

amodulator.
bRF frequencies with the listed CG.
cLNA + IR down mixer + calibration circuitry.
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E8257D). The Keysight VSA software (VSA 89601b) is used to
further analyze the data and calculate the EVM.

Continuous waveform (CW) measurement

Figure 8 depicts the measured CG versus LO power drive. The RF
input power is set to be −10 dBm. The measured results show that
the CG will saturate at a LO power of 6 dBm.

The simulation and measurement results of CG and IRR verses
RF frequency are plotted in Fig. 9. The LO frequencies are from 10
to 25 GHz and the IF frequency is 100MHz. The LO input power
is 6 dBm and the RF input power is −10 dBm. It can be observed
that the IRR is lower than −30 dBc from 33 to 42.5 GHz, and is
lower than −40 dBc from 37.5 to 41.5 GHz. Combining 3
dB-criterion with IRR performance, we define the measured RF
bandwidth as 33 to 41 GHz for IRR better than −30 dBc.
Measured CG is 1.3 ± 0.9 dB within the RF bandwidth.

Figure 10 shows the simulation and measurement results of CG
and IF output power (PIF) verses RF input power (PRF). The input
1 dB compression point (IP1 dB) is at 0 dBm RF input power.

Modulation signal measurement

Constellation diagrams are useful to display the characteristics of
signal impairments related to I and Q. The distortions of the con-
stellation will degrade EVM and will also increase the bit-error
rate [10]. To further characterize the demodulator, modulated sig-
nal measurements are performed based on the test setup in Fig. 7
(a). The OFDM signals are generated by an AWG and
up-converted to high frequency, then fed to the RF input. The
measured constellation diagrams and output spectrum are plotted
in Fig. 11. At 38 GHz, the EVM of the proposed demodulator is
1.7% (−35 dB) at the modulation scheme of 4096-QAM. The
measured EVM is very close to the measurement floor 1.6%
(−36 dB) of our MMW signal analyzer [3].

Conclusion

In this paper, a 38-GHz demodulator with high image rejection
fabricated in TSMC 65-nm CMOS process is presented. Due to
the sub-harmonic mixer architecture, a transmission line based
45° LO power splitter is adopted. When compared with conven-
tional design techniques, this transmission line based power split-
ter is much less sensitive to process variation.

The demodulator performs good IRR lower than −40 dBc
from 37.5 to 41.5 GHz. In system applications, good IRR perform-
ance reduces the interference of image and improves signal qual-
ity. In addition, CG is within the range of 1.3 ± 0.9 dB from 33 to
41 GHz with 6 dBm LO power. The total DC power consumption
is 78 mW from 1.0 V supply voltage. This demodulator also
demonstrates 1.7% (−35.1 dB) EVM at the modulation scheme
of 4096-QAM. Table 1 summarizes the performance of previous
work. The high CG in [11] was obtained with a LNA.
Compared to [12], although we have lower CG, the chip area of
[12] is much larger, and the power consumption is very high.
The CG, IRR performance and fractional bandwidth of [4] is
similar to our work. However, EVM performance of our work
(1.7% under 4096-QAM) is better than [4]. In addition, EVM
performance similar to our work is not seen in the other works
in Table 1. Overall, the proposed demodulator is featured with
good CG, IRR and EVM performance.
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