142 A. ONCU, A 1.2V AND 69 mW 60 GHz MULTI-CHANNEL TUNABLE CMOS RECEIVER DESIGN

A 1.2 V and 69 mW 60 GHz Multi-channel
Tunable CMOS Receiver Design

Ahmet ONCU

Dept. of Electrical and Electronics Engineering, Bogazici University, Istanbul, 34342, Turkey

ahmet.oncu@boun.edu.tr

Abstract. A multi-channel receiver operating between
56 GHz and 70 GHz for coverage of different 60 GHz
bands worldwide is implemented with a 90 nm Comple-
mentary Metal-Oxide Semiconductor (CMOS) process. The
receiver containing an LNA, a frequency down-conversion
mixer and a variable gain amplifier incorporating a band-
pass filter is designed and implemented. This integrated
receiver is tested at four channels of center frequencies
58.3 GHz, 60.5 GHz, 62.6 GHz and 64.8 GHz, employing
a frequency plan of an 8 GHz-intermediate frequency (IF).
The achieved conversion gain by coarse gain control is
between 4.8 dB and 54.9 dB. The millimeter-wave receiver
circuit is biased with a 1.2 V supply voltage. The measured
power consumption is 69 mW.

Keywords

60 GHz, CMOS, integrated circuit, receiver design,
low-power

1. Introduction

Research on the Complementary Metal-Oxide Semi-
conductor (CMOS) millimeter-wave transceiver operating
at 60 GHz has been driven by the availability of the unli-
censed bands in many countries, including Europe
(57 + 66 GHz), the United States (57 + 64 GHz) and Japan
(59 + 66 GHz) as shown in Fig. 1. The available 9 GHz
wide millimeter-wave band is also divided into approxi-
mately 2 GHz wide four sub-channels. This has resulted in
many enabling design blocks and various modeling tech-
niques reported in the literature [1-5]. Potential applica-
tions include low-power short-distance consumer applica-
tions such as wireless High-Definition Multimedia Inter-
face (HDMI) for high-definition television (HDTV) video
streaming and high data-rate wireless personal area net-
works. The distance limit is due to the 60 GHz electromag-
netic waves being attenuated more as a result of oxygen
absorption than at other frequencies. However, taking
advantage of the wider multi-gigahertz bandwidth, short-
distance applications can allow high data rates while
allowing more frequency reuse in a limited area with mini-
mal interference. A consequence is that the system offers
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higher security since signals cannot travel far beyond the
intended recipients. The motivation of this work is to de-
velop further such a system using the CMOS process tech-
nology. Traditional developments of the 60 GHz system
have been largely confined to process technologies such as
GaAs or SiGe. With price-sensitive services, lower pro-
duction cost and possible integrations consumer electronics
driving developments, CMOS technology offers the ad-
vantages of an accessible foundry with the digital base-
band. The present state-of-the art CMOS process nodes at
sub-100nm demonstrate device f; that exceeds 400 GHz
[6], thereby providing reasonable gain and other design
margins for 60 GHz systems.

Japan [59766)

| North America (57.05~64)

El Korea [57~66)
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Fig. 1. Worldwide 60 GHz regulations with sub-channels.

A critical building block in the 60 GHz system is the
millimeter-wave receiver, which includes the low-noise
amplifier (LNA), down conversion mixer, band-pass filter
and variable gain amplifier. In this work, a wideband
CMOS receiver circuit that covers all 60 GHz bands and
selects the sub-channels is proposed. In the following sec-
tions the design of the proposed receiver circuit and the
performance of the implemented receiver are presented.

2. Design of Wideband Receiver

A block diagram of the proposed multi-channel tun-
able receiver based on the enhanced wide-band LNA is
shown in Fig. 2. The receiver consists of an LNA, down-
conversion mixer, an intermediate frequency (IF) variable
gain amplifier (VGA) integrating a band-pass filter (BPF)
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Fig. 2. Proposed receiver architecture.

and an output buffer. To test the performance of the pro-
posed receiver chain, LO signal is externally applied, but in
a practical application local oscillator will be implemented
on the chip. A wideband LNA with active balun in the first
stage to cover the all 60 GHz bands as reported in [9] is
designed for this multi-channel receiver. Its schematic is
shown in Fig. 3.

The LNA contains an internal balun. It has a single
ended input and two outputs with 180° phase difference.
The designed wideband LNA has 20 dB gain and 14 GHz
bandwidth from 56 GHz to 70 GHz. It covers all 60 GHz
bands sub-channels. The noise figure of the LNA is 6.8 dB
at 60 GHz.

The main purpose of this receiver is to receive all four
sub-channels of the license free 60 GHz bands from
57 GHz to 66 GHz. The LNA can amplify the signals from
56 GHz to 70 GHz frequency range. Therefore it is suitable
for our application. The intermediate frequency is chosen
as 8 GHz to be able to select the sub-channels and not to
have an image rejection filter to have less complex receiver
architecture. Since the frequency gap between the desired
signal and the image will be 16 GHz, the image signal can
be filtered out by the receiver front-end. For lower fre-
quency bands, the image frequency will be far from the
receiver’s front-end coverage frequency band. When the
desired frequency goes higher, image frequency goes
closer to the coverage band.

When the receiver receives the 66 GHz signal, the
highest frequency of the 60 GHz band sub-channel, the
image frequency will be at 49 GHz in the worst case. It is
outside of the LNA bandwidth. Therefore, the image fre-
quency will be filtered by LNA. In practical wireless com-
munication, an antenna will be connected to receiver input
and it will also contribute to filter out the image signal.

Figure 4 shows the circuit of the implemented mixer.
A double-balanced design is realized by the four transistors
M10-M13 with each differential set of RF and LO inputs
applied 180° out of phase. A modification made to this
circuit from the standard Gilbert-cell configuration is the
input of the RF signal directly into the source of the MOS-
FETs, instead of first passing through the gates of common
source amplifiers. This current mode interface between the
LNA and the mixer alleviates the low headroom limitation
of the advanced CMOS process to improve the linearity
and high-speed operation with a limited supply voltage
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Fig. 3. Schematic of the LNA.

magnitude. A tail current control is then implemented by
M9 to provide the appropriate DC current for the differen-
tial pairs. To avoid the noise contribution from M9 and its
current source, a large bypass capacitance Cbypass is
added [16]. Without the capacitor the noise from the M9
and the noise coming from the bias Vy; will inject to the
mixer tail current in common mode. Due to the non-ideal-
ities in pair transistors, M10-M13, the noise will appear at
the mixer output that will reduce receiver the sensitivity.
A center tapped inductor shown by L5 and L6 are added to
resonate out the parasitic capacitance at the source termi-
nals of M10-M13. Thus, a high input impedance at the RF
port from 56 GHz to 70 GHz can be achieved. These in-
ductors can also reduce the signal loss caused by the para-
sitic capacitances. Inductors L1-L.4 are chosen instead of
resistors for gain and linearity purposes since an increase in
resistance results in a decrease in the voltage headroom at
the output node. Thus, there is a trade-off between conver-
sion gain and linearity. In practice, L1-L4 and L5-L6 are
implemented as single center-tap inductors in order to save
chip area. The inductances L1-L4 and the parasitic ca-
pacitances of M10-M13 comprises two resonating tanks.
The bandwidth of the tanks is equal to the bandwidth of the
mixer. The bandwidth of the tank is narrower than the
desired one. Therefore, in this design two resistors R1 and
R2 are added to ensure 2 GHz bandwidth at 8 GHz IF
center frequency.

In comparison with a conventional mixer, the pro-
posed down-conversion mixer aims to achieve lower noise
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Fig. 4. Schematic of the mixer.
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because of the absence of the noise generated from the
transconductance stage in a conventional mixer. In addi-
tion, a DC current through this transconductance stage is
not required. Thus the DC current can be reduced to im-
prove the noise performance further. These considerations
were necessary to reduce noise for stringent wideband and
high frequency operations.

Figure 5 shows the circuit of the VGA and the BPF
implemented. The VGA topology is a two-stage differen-
tial cascode. Due to the transconductance characteristic of
the MOSFET, coarse tuning of the gain can be made in
several discrete steps by selecting values of V,; thereby
directly setting M16, M17, M20 and M21 bias points. If
desired, fine tuning can be made through ¥}, at the gate of
M14 and M15 to control the DC current through the differ-
ential cascodes.

The band-pass filter is implemented by two RLC cir-
cuits, each in parallel with the output of an amplifier stage.
Fixed inductor sizes are used with capacitances to center
the BPF at IF. The capacitances are tunable by varactors
designed with a tuning range of 10%. Using this method,
the 3-dB bandwidth can be controlled and the flatness of
the BPF response can be adjusted with the proper selection
of the value of R3 and R4 since the fractional bandwidth F
of each parallel RLC can be characterized by (1). Note that
the quality factor of the resonant tank is the inverse of F}.
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Fig. 5. Schematic of VGA, BPF and buffer block.
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Fig. 6. Simulated results of IF filtering by BPF.

Equation (1) assumes a high-Q inductor. With a real-
istic CMOS inductor model [17], simulations were per-
formed. Figure 6 shows the simulated results of the IF
filtering by the BPF. The BPF is centered at 8 GHz with
a bandwidth of 1.8 GHz. The simulated channel rejection
at this bandwidth is 14.9 dB. Tuning is available with
arange of 1.2 GHz. For measurement considerations, the
unity gain open-drain buffers are used to drive the 50 Q
measurement system. It can drive the 50 Q instruments and
obtain the desired output signal. The buffer consumes
12.3 mW.

3. Experimental Result

Figure 7 shows the micrograph of the complete wide-
band receiver chip design. The LNA, mixer, VGA and
band-pass filter are indicated on the micrograph. The re-
ceiver was fabricated using the 90 nm 1P8M CMOS
process.

DC bias and control voltages
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Fig. 7. Micrograph of wideband receiver chip.

The fabricated chip was tested by using a probe sta-
tion. To test the performance of the fabricated receiver
circuit the LO signal was applied from an external single
ended millimeter-wave signal source by using an on chip
GSG probe. But in practice the differential ended LO sig-
nal can be applied on the chip. It would reduce even order
nonlinearities. In this measurement, the LO signal was
injected at P;o=-1 dBm at four frequencies corresponding
to four different channels to evaluate the multi-channel
characteristics of the receiver. The IF output was main-
tained at 8 GHz. Setting the gain control voltages to
Vy;=0.65V and V,;=0.35V, the IF output power re-
sponse as a function of the RF input frequency is shown in
Fig. 8. In this figure, a gain of 23 dB is observed with
an input-referred 1 dB-compression point at -29 dBm. To
measure the nonlinear characteristic of the receiver, two
tone millimeter wave signal was applied from two external
sources trough the RF input of the receiver by using a GSG
probe. The measured fundamental and third order re-
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sponses are shown in Fig. 9. The input referred third order
interception point was measured to be a -20.5 dBm. The
measured noise figure of the whole receiver is 8.1 dB.
These performances can be acceptable for indoor short-
range communications operating at low-power levels.

In such a scenario, adjacent channel interferences at
60 GHz are limited due to attenuation and the absence of
large transmitter signals on the same chip, even though the
receiver operates wideband. Depending on the linearity
requirements of the modulation scheme, the trade-off be-
tween current drain for lower power consumption and
linearity may be further adjusted. Figure 10(a) shows the
results of the coarse tuning of the VGA gain.

As shown in Fig. 10, the coarse gain tuning of the
VGA block is set by V;; between 0.2 V and 0.5 V, corre-
sponding to a minimum gain of 4.8 dB and a maximum of
54.9 dB. The coarse tuning demonstrates the limit of the
gain obtainable by further fine tunings using Vj,. Results
shown in Fig. 10(a) was obtained when V}, is set to 0.65 V.
It is noted that the gain flatness deteriorates at higher gain
settings with a span of several gigahertz, resulting in
changing 3-dB bandwidths. This is likely aresult of the

Vy,,=0.65V, v,5=0.35V, f;=62.6GHz
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Fig. 8. Conversion gain characteristics of receiver.
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Fig. 9. Measured IIP3 of the receiver.

VGA input impedance changing due to bias changes,
causing the mixer-VGA wideband inter-stage matching
network. For a system with narrowband channels, it is
possible to adjust the band-pass filter bandwidth to achieve
better gain flatness over different gain settings. Alterna-
tively, in our envisioned pulse communication system that
typically employs On-Off-Keying (OOK) or Amplitude-
Shift Keying (ASK), such gain control characteristics may
be sufficient.

Measurement of the receiver channel selection by LO
tuning is shown in Fig. 10(b). The LO frequency is se-
lected at four frequencies of 50.3 GHz, 52.5 GHz,
54.6 GHz and 56.8 GHz. With the IF at 8 GHz, the corre-
sponding RF-input frequencies for channels 1 to 4 are
58.3 GHz, 60.5 GHz, 62.6 GHz and 64.8 GHz, respec-
tively. The LO power is set to -1 dBm. It is noted that the
frequency response at the third channel (CH3) is about
2 dB lower than the other channels. It is believed that this
performance is caused by the limited gain flatness of the
LNA. Its gain can be compensated by VGA gain tuning.
This proposed receiver reports a considerable gain-band-
width performance. The proposed wide-band single
receiver can select all four 60 GHz band sub-channels and
its gain can be controlled to improve the communication
performance. In Tab. 1, recently reported wireless 60-GHz
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Fig. 10. (a) Receiver gain selection by VGA coarse tuning Vi3
(Vi set at 0.65 V). (b) Receiver channel selection by
LO tuning (PLO = -1 dBm).
Tech. Freq. [GHz] | Gain [dB] | Power [mW]
This work | 90nm CMOS | 56.0-70.0 4.8-54.9 69.0
[18] 65nm CMOS | 57.5-66.5 10.0-19.0 74.0
[19] 65nm CMOS | 54.0-61.0 4.7-17.3 81.5
[20] 65nm CMOS | 55.0-68.0 14.0-35.5 75.0

[21] 40nm CMOS 58.0 20.0 41.0

[22] 90nm CMOS 57-61.0 19.8-22.0 36.0
[23] 65nm CMOS | 55.0-65.0 14.7 151.0
[24] 45nm CMOS | 56.0-67.0 26.0 11.0-21.0
[25] 130nm SiGe | 57.0-65.0 14.0 18.0

Tab. 1. Comparison of recent works.
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band millimeter-wave receivers are compared. This pro-
posed receiver using the enhanced LNA has the largest
gain-bandwidth among them.

4. Conclusion

A multi-channel receiver operating between 56 GHz
and 70 GHz for coverage of all four 60 GHz band
sub-channels worldwide has been implemented with a
90 nm CMOS process. The receiver comprises of the
millimeter-wave LNA, frequency mixer, VGA and
bandpass filter. This enables the receiver to operate at
wideband with reference measurements showing a 23 dB
gain through LO injections of -1 dBm at each of the four
channels tested, corresponding to receiver RF of 58.3 GHz,
60.5 GHz, 62.6 GHz and 64.8 GHz. Tuning of the VGA
allows a range of gain to be selected with measured results
between 4.8 dB and 54.9 dB. It requires a 1.2 V supply
voltage and consumes 69 mW power. The proposed
millimeter-wave multi-channel CMOS receiver can be used
for low-voltage, low-power consuming and high-speed
wireless communication applications.
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