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The Analysis and Design of Millimeter-Wave
CMOS Circuits for 60-GHz Communication
Systems

Student : Min-Chiao Chen Advisor : Chung-Yu Wu

Department of Electronic Engineering Institute of Electronics
National Chiao Tung University

ABSTRACT

In this thesis, the design methodologies.-dand implementations of millimeter-wave
CMOS circuit for 60-GHz low-power. communication system are presented. There are
three parts: (1) the analysis, modeling;.and design of the subharmonic injection-locked
frequency tripler (ILFT); (2) the analysis and design of 60-GHz phase-locked loop (PLL)
integrated with injection-locked frequency multiplier (ILFM); and (3) the design of

60-GHz direct-conversion receiver integrated with ILFT.

At first, K-band and V-band CMOS differential subharmonic ILFTs are proposed,
analyzed, and designed. Based on the proposed ILFT structure, models for the locking
range and the output phase noise are developed. A K-band ILFT is designed and
fabricated using 0.18-um CMOS technology. The measured locking range is 1092 MHz
with a dc power consumption of 0.45 mW and an input power of 4 dBm. The harmonic
rejection-ratios are 22.65, 30.58, 29.29, 40.35 dBc for the first, second, fourth, and fifth
harmonics, respectively. The total locking range of the K-band ILFT can achieve 3915

MHz when the varactors are used and the dc power consumption is increased to 2.95
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mW. A V-band ILFT is also designed and fabricated using 0.13-pum CMOS technology.
The measured locking range is 1422 MHz with 1.86-mW dc power consumption and
6-dBm input power. It can be seen that the locking range of the proposed ILFT is
similar to the tuning range of a conventional varactor-tuned bulk-CMOS

voltage-controlled oscillator (VCO).

Secondly, a novel CMOS PLL integrated with ILFM that generates the 60-GHz
output signal is proposed. The proposed 60-GHz PLL is composed of VCO, ILFM, 1/32
frequency divider, phase/frequency detector, charge pump, and loop filter. Because the
proposed ILFM can generate the fifth-order harmonic frequency of VCO output, the
operational frequency of the VCO can be reduced to only one-fifth of the desired
frequency. The PLL is designed and fabricated in 0.18-um CMOS technology. The
output frequency range of the proposed PLL: is from 53.04 GHz to 58.0 GHz with
output power of —37.85 dBm. The measufed phase nioises at 1 MHz and 10 MHz offset
from the carrier are —85.2 and =90.9 dBc/Hz; respectively. The reference spur level
of —40.16 dBc is measured. The d¢ powerdissipation.of the fabricated PLL is 35.7 mW

under a 1.8-V supply. The chip area including pads is 0.96 mm x 0.84 mm.

Finally, a 60-GHz direct-conversion receiver integrated with ILFT is proposed.
The proposed direct-conversion receiver front-end is composed of a low-noise amplifier
(LNA), I/Q quadrature down-conversion mixers, a 20-GHz QVCO, two ILFTs, two IF
amplifiers, and two output buffers. In the proposed receiver, the local oscillator (LO)
signals are generated by QVCO operated at only one-third of carrier frequency cascade
with the two ILFTs. Due to the frequency shift of QVCO, the maximum RF frequency
is only 55.03 GHz. The measured results show a receiver gain of 18.2 dB, a noise figure
of 16.96 dB with RF frequency of 55.03 GHz and IF frequency of 100 MHz, channel
bandwidth of 2 GHz with LO frequency of 55.02 GHz, an input-referred 1-dB
compression point (P1dB) of —17.0 dBm, and input third-order inter-modulation

intercept point (IIP3) of —7.6 dBm. The proposed receiver is implemented using

v



0.13-um CMOS technology and draws 25.84 mA from a 1.2-V supply. The total chip

area, including testing pads, is only 1.21 mm x 1.03 mm.

It is believed that the proposed ILFT can be used in low-power high-performance
transceiver design in the millimeter-wave band. Further research for low-power single

chip transceiver and frequency synthesizer can be integrated in the future.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Wireless communication system has been under significant development over
the past few decades and it is closer to our daily life than ever before. Wireless
communication products such as cellular phones, Personal Digital Assistants (PDAs),
and Global Positioning System (GPS) greatly facilitate and enrich our life. Nowadays,
the wireless system is continuing to surge under increasing demands of high data rate
and lower power consumption. The early developed standards such as Bluetooth and
IEEE 802.11 family fail to come to.this end du¢ to.their maximum data rate merely up

to 54 Mega-bit-per-second (Mbps).

Ultra-Wideband (UWB) is a new'rapidly advancing technology targeting at this
goal and specified in IEEE 802.15.3a. The IEEE 802.15 TG3a specifies the
unlicensed 3.1-10.6 GHz UWB band for short-range and high data-rate wireless
communications. The UWB system provides Wireless Person Area Networks

(WPANs) with data communication capabilities up to 480 Mbps.

The 7-GHz unlicensed band around 60 GHz for short-range and high-speed
communication is developed for new consumer applications such as wireless
High-Definition Multimedia Interface (HDMI) for high-definition television (HDTV)
video stream and wireless data bus for cable replacement in recent years. Presently
available unlicensed frequency bands are 59.0-66.0 GHz in Japan, 57.05-64.0 GHz in

USA and Canada, 57.0-64.0 GHz in Korea, 57.0-66.0 GHz in Europe, and 59.4-62.0



GHz in Australia.

The landscape of wireless communication systems is shown in Fig. 1.1.
Obviously, multi-gigabit-per-second (Gbps) data transmission becomes a challenge

for future wireless communication systems.

Although the 60-GHz band offers the same amount of spectrum as UWB system
at 3 to 10 GHz, few interferences and up to 40 dBm of transmit power envision a link
to support multi-Gbps communication. According to the recently convention record in
November 2007, the possible carrier frequencies are 58.32, 60.48, 62.64, and 64.8
GHz. The channel plan for full-rate (2 GHz) and half-rate (1 GHz) are shown in Figs.
1.2(a) and (b), respectively. The detail frequency plan is listed in Table 1.1. The target
data rate for single carrier is 50.2,anhd 1506:6 Mbps with common rate (CR) and
mandatory low rate (MLR), respectively: The propositional modulation schemes are
n/2 binary phase shift keying (BPSK) and Gaussian minimum shifting keying

(GMSK).

Historically, the implementation of 60-GHz integrated circuits are designed and
fabricated by using Gallium Arsenide (GaAs) or advanced Silicon Germanium (SiGe)
[1]-[3]. However, a low cost solution is necessary for consumer applications. Due to
the continual scaling down of the CMOS technology, the transition frequency (f7) of
the nanometer CMOS technology up to 400 GHz has been reported in [4]. The CMOS
technology can become the potential choice for the implementation of the 60-GHz
wireless transceiver. Moreover, advanced CMOS technology has the advantages of
low cost and of high-level integration with digital VLSI section. Therefore, CMOS

technology can be a viable option to address the millimeter-wave market [5].

It is a tough task to grasp the analog and high-frequency character in monolithic



microwave integrated circuit (MMIC) design especially by using low-cost CMOS
technology. There are still many problems and issues that we are facing and even
have experienced. Researchers are supposed to invest much time and efforts to make
great advancement. Making a more comfortable and convenient world is our

destination as well as the motivation of our endeavors.

1.2 REVIEWS ON CMOS CIRCUITS FOR 60-GHZ

APPLICATIONS

1.2.1 Frequency multiplier

There are two methods to generate local oscillator (LO) signals. In the first
method, LO signals are generated directly by.using fundamental frequency oscillators
[6]-[10]. In the second one, they are generated, by using lower frequency oscillators
cascaded with frequency multipliets-to_obtain“signals at the desired frequencies
[11]-[19]. Because of the limited performance of active and passive devices at high
frequency, it is easier to design high-performance voltage-controlled oscillators
(VCOs) at low frequency rather than at high frequency. Moreover, high frequency
dividers operated at the carrier frequency with a significant amount of power
dissipation are not needed when using a low frequency VCO. Therefore, the second
method is advantageous in low-power CMOS circuit implementation in the

millimeter-wave band.

In general, a frequency multiplier can be divided into two stages: the harmonic
generation stage and the LO amplification stage. The harmonic generation stage is

designed to generate the signal at the desired harmonic and the LO amplification stage



is designed to amplify the output amplitude at the desired frequency. Because large
output amplitude is provided by the LO amplification stage, a large power
consumption is required for driving output swing. Thus, a frequency multiplier with a
significant amount of power dissipation is the main drawback [11]-[18]. It can be
seen from Fig. 1.3, the power consumption of frequency multiplier is increased as the
increase of output frequency of frequency multiplier. As a result, the key design
requirement of the second method is to increase the frequency conversion gain of the
frequency multipliers. In order to achieve this requirement, low input power and low

dc power consumption are necessary to obtain the desired output power level.

Frequency multipliers integrated with injection-locked oscillators (ILOs)
[20]-[25] can efficiently increase the conversion gain because ILOs have the superior
properties of frequency stabilization .and high ‘conversion gain with a narrow
bandwidth [26]. Such a frequéncy multiplier with ILO is called the subharmonic
injection-locked frequency multiplier. (ILEM). It-offers great potential use with
millimeter-wave frequency synthesizers because of its low input power and low dc
power consumption. Even with low input power, the subharmonic ILFM [20]-[25]

can provide the same performance as a conventional frequency multiplier [27].

1.2.2 Phase-locked Loop and Frequency Synthesizer

Frequency synthesizer (FS) is a key building block of the radio-frequency
integrated circuits (RFICs), which generates the carrier signal to convert transmission
data up to the desired frequency band. The transmission and reception qualities in the
wireless communication system are determined by the performance of LO that is

generated by the FS.

In the conventional FS [28]-[31], VCO is always operated at the highest



frequency to generate the LO signal as shown in Fig. 1.4. The output frequency f,,; of
VCO is M-times of input reference frequency f.r under locked condition. Owing to
the limited performance of the active and passive devices, the performance of the

VCO is mainly determined by the device technology.

The implementation of the high-frequency divider is another important design
issue in the conventional FS structure. The injection-locked frequency dividers
(ILFDs) [32]-[39] or Miller divider [40]-[42] are the popular options for the
high-frequency divider design. It can be seen from Fig. 1.5 that ILFDs can be
operated under small power consumption but they are of narrow band characteristics.
Any frequency shift in these dividers can cause the failure of the whole FS. Another
high-speed frequency divider is current-mode logic (CML) divider [43]-[52]. The
CMOS CML divider has been demonstrated-te have high-speed operation with low
power dissipation because the fill swing for internal operation is not required. As can
be seen from Fig. 1.6, the operational.frequency of recently published CMOS CML
divider without inductor is still lower than 60 GHz. Therefore, ILFD is the only one
solution for 60-GHz frequency divider. Overdesign for locking range to avoid
frequency shift is required. As a result, the output frequency range of conventional FS

operated around 60 GHz can not be too large.

The other FS structure is composed of a low-frequency FS cascaded with a
frequency multiplier to generate the desired output frequency as shown in Fig. 1.7. So
far, there is no prior design with this FS structure in CMOS technology. In this FS
structure, the low-frequency FS is operated at the subharmonic of the desired
frequency and the target frequency is generated by the frequency multiplier after the
low-frequency FS [53]-[55]. Obviously, it has the advantages of smaller division ratio

and low power dissipation from the frequency divider. Therefore, the second FS



structure can be attractive for CMOS design in the millimeter-wave band if the

high-frequency and low-power CMOS frequency multiplier can be developed.

The comparison of FS architectures is listed in Table 1.2. A high-performance
and wide tuning range VCO can be designed in the subharmonic FS integrated with
frequency multiplier due to lower operational frequency. Moreover, the division ratio
of frequency divider can be lower than that of fundamental FS to reduce the power
consumption. However, large power consumption is required as the operational
frequency of frequency multiplier is high such as millimeter-wave band. Finally,
because the last stage of the subharmonic FS structure is frequency multiplier, the
output signal is usually mixed with the total harmonics of VCO output frequency.

Hence, extra effort to suppress undesired harmonics is required.

As described in Section 132.1, the:large power consumption from frequency
multiplier can be reduced significantly by using ILO. ILO chain can become a

possible solution to millimeter-wave MMIC synthesizers [53].

1.2.3 Receiver

So far, some 60-GHz receivers have been demonstrated in CMOS technology
[18]-[19], [56]-[64]. The homodyne receiver architecture is firstly implemented in
the millimeter-wave receivers [56]-[59] because of its advantages of high integration
and low system complication. The block diagram of the homodyne receiver is shown
in Fig. 1.8. The radio-frequency (RF) signal is directly mixed with the local oscillator
(LO) at the carrier frequency. Since the intermediate frequency (IF) is zero, the

homodyne receiver is also called as zero-IF receiver or direct-conversion receiver.

Because the frequency of LO signal must be the same as the received frequency,

the dc offset effect from the LO leakage by capacitive and substrate coupling [65] is



serious. Two main sources of dc offsets are shown in Figs. 1.9 (a) and (b). The first
source is the LO leaking to the low-noise amplifier (LNA) input and mixing with
itself at the MIXERgr. The second source is the large nearby interferers leaking into

VCO and then self-mixing.

Recently, a novel dc offset cancellation circuit has been proposed with simple
Miller capacitor filter [66]. However, high-frequency synthesizer and high-frequency
dividers with large power consumption are required. Due to large power consumption,

the homodyne receiver structure is not suitable for consumer mobile applications.

The heterodyne receiver architecture is the one solution for the high-frequency
synthesizer because the frequency of LO signals can be lower than received frequency
as shown in Fig. 1.10 [60]-[64]. However, twice. frequency translations make that the
architecture of the receiver more complicated and mage signal rejection is required
for better signal-to-noise ratio (SNVR). As‘compared with Fig. 1.8, the extra filters for
frequency selection, BPFrr and BPFs, are’ required. Therefore, the system
complication is increased. Moreover, more inductors are required for system
integration. Hence, total chip area is increased as compared with direct-conversion

receiver.

Another solution for the high-frequency synthesizer is the frequency multiplier
as shown in Fig. 1.11 [18]-[19]. The new CMOS frequency doubler [18] and
frequency tripler [19] for the LO generation is proposed. Because of the even order
frequency multiplier, the differential output can not be provided for the mixer
operation. Thus, the extra effort is required for single to differential converter [18].
The first millimeter-wave CMOS frequency tripler is introduced in [19]. Due to its
fully differential structure of frequency tripler, it is suitable for complex modulation

schemes.



The comparison of receiver architectures is listed in Table 1.3. The homodyne
receiver can achieve high-integration and low-power consumption, but the operational
frequency of frequency synthesizer is the highest. The heterodyne receiver can be
operated with lower operational frequency synthesizer but its system is too complex
for millimeter-wave circuits. Finally, the homodyne receiver integrated with
frequency multiplier is the best choice for high-frequency receiver design it has the
advantages of homodyne receiver and the lower operational frequency of frequency

synthesizer.

1.3 MOTIVATION AND MAIN RESULTS

The performance of VCO in the millimeter-wave band strongly depends on the
characteristics of active and passive devices. To design the high-performance of
low-frequency VCO cascaded with frequency-multiplier is a solution to generate the
high-performance LO signals. However,' the power consumption of frequency
multiplier is large when the operational frequency is high. The design of CMOS
subharmonic ILFMs becomes the new interesting research topic in the
millimeter-wave band because of their low power consumption. In this dissertation,
the novel CMOS subharmonic injection-locked frequency tripler (ILFT) is developed
for millimeter-wave band applications. The proposed ILFT can provide the similar
output power as a VCO with small power consumption. Moreover, the locking range
of the proposed ILFT can be similar to the tuning range of a VCO. As a result, the
proposed ILFT can offer great potential application in LO signal generators for

frequency synthesizers in the millimeter-wave band.

The proposed CMOS subharmonic ILFMs are further verified by the integration



with phase-locked loop (PLL) and receiver. In the PLL design, the new CMOS PLL
structure that is formed by a low-frequency PLL cascaded with subharmonice ILFM
is designed to avoid the use of the conventional ILFDs and Miller dividers with
narrow-band characteristics. In addition, the maximum operational frequency of
frequency divider can be reduced. The low-power PLL without ILFDs or Miller
dividers for 60-GHz applications is designed in CMOS technology. Finally, the

direct-conversion receiver is also integrated with subharmonic ILFT.

The aim of this dissertation is to develop low-power 60-GHz CMOS
millimeter-wave circuits including millimeter-wave CMOS ILFTs, a 60-GHz PLL and

a 60-GHz direct-conversion receiver.

Firstly, a K-band ILFT is designed and. fabricated using 0.18-um CMOS
technology. The total locking range of the K-band ILFT can achieve 3915 MHz with
4-dBm input power when the varactors-are used and the dc power consumption is
2.95 mW. A V-band ILFT is also designed and-fabricated using 0.13-pm CMOS
technology. The measured injection-locking range is 1422 MHz with 1.86-mW dc
power consumption and 6-dBm input power. The locking range of the proposed ILFT
is similar to the tuning range of a conventional varactor-tuned bulk-CMOS VCO.

Moreover, the output power of the proposed ILFT is also similar to that of a VCO.

Secondly, a novel CMOS PLL integrated with ILFM that generates the 60-GHz
output signal is proposed and designed in 0.18-um CMOS technology. The output
frequency range of the proposed PLL is from 53.04 GHz to 58.0 GHz. The measured
phase noises at 1 MHz and 10 MHz offset from the carrier are —85.2 and —90.9
dBc/Hz, respectively. The reference spur level of —40.16 dBc is measured. The dc
power dissipation of the fabricated PLL is 35.7 mW under a 1.8-V supply. It can be

seen that the performance of the proposed PLL is similar to previous woks and the
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power dissipation of the proposed PLL is only two-third of previous works [28]-[31].
Therefore, the proposed PLL structure is suitable for low power and high performance

millimeter-wave PLL in 60-GHz applications.

Finally, a novel 60-GHz CMOS direct-conversion receiver front-end integrated
with ILFTs is described. In the proposed receiver, the LO signals are generated by the
QVCO operated at only one-third of carrier frequency cascade with the two ILFTs.
Because of the QVCO frequency shift, the maximum RF frequency is 55.03 GHz. The
measured results show a receiver gain of 18.2 dB, a noise figure of 16.96 dB, and an
input-referred 1-dB compression point of —17.0 dBm. The proposed receiver is
implemented using 0.13-um CMOS technology and draws 25.84 mA from a 1.2-V
supply. The total chip area is 1.21 mm X 1.03 mm. From the measurement results, the
proposed receiver architecture providesia potentidl choice for high-integration and

low-power in 60-GHz transceiver design.

1.4 ORGANIZATION OF THIS DISSERTATION

In Chapter 2, a novel CMOS ILFT is proposed and designed. The new concept
for frequency tripler integrated with injection-locked oscillator (ILO) is introduced. In
addition, the model and design methodology for the proposed ILFT are analyzed and
developed. Finally, the performances of the proposed ILFTs are verified by
experimental results at K-band and V-band. The experimental results show that the

proposed ILFTs can provide large output power with low dc power dissipation.

In Chapter 3, a 60-GHz CMOS PLL used for IEEE 802.15.3c applications is
proposed and designed using 0.18-um CMOS technology. The extension model from
ILFT for fifth-order harmonic of ILFM is presented. The proposed ILFM worked

10



beyond device transition frequency (f7) is designed to generate the 60-GHz output
signal. Because this design takes the advantage of low division ratio of frequency and
low power consumption by using ILFM, the total power dissipation of the proposed

PLL is significantly reduced as compared with published CMOS PLLs.

A 60-GHz CMOS direct-conversion receiver integrated with ILFT is described in
Chapter 4. The proposed receiver is the first CMOS receiver design that integrates
with ILFT. In addition, the maximum operation frequency of the frequency divider in
a frequency synthesizer can be reduced to one-third by using the ILFT. Since it is
feasible to design a high-performance VCO at low frequency and to save the large
power consumption from full-speed frequency dividers, the proposed receiver can
provide a solution to the wireless transceiver in the millimeter-wave band. Finally,

conclusions and future work are given in'Chapter 5:
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Table 1.1

Frequency plan for 60-GHz applications.

Channel Plan : Full-Rate (2 GHz)

Channel | Low Freq. | Center Freq. |High Freq.| Nyquist
Number | (GHz) (GHz) (GHz) | BW (MHz)
A1 57.24 58.32 59.40 1728
A2 59.40 60.48 61.56 1728
A3 61.56 62.64 63.72 1728
A4 63.72 64.80 65.88 1728
Channel Plan : Half-Rate (1 GHz)

Channel | Low Freq. | Center Freq. |High Freq.| Nyquist
Number | (GHz) (GHz) (GHz) | BW (MHz)
B1 57.78 58.32 58.86 864
B2 59.94 60.48 61.02 864
B3 62.10 62.64 63.18 864
B4 64.26 64.80 65.34 864

12




Table 1.2

Comparison of the FS architectures.

Fundamental FS

Subharmonic FS with

Structure (Direct Generation) | Frequency Multiplier
Output purity Pure Mixed
VCO performance Poor Good
Frequency divider High Low
division ratio 9
Frequency divider .
power consumption High L
. Narrow Wide
Frel‘;'m’igt';‘"de’ (ILFD or Miller (if CML frequency
divider) divider can be used)
Fnr‘i?,::{::y Not Required Yes
Frequency
multiplier power None Large
dissipation

13




Table 1.3

Comparison of the receiver architectures.

Homodyne
S Homodyne Heterodyne Receiver with
tructure . .
Receiver Receiver Frequency
Multiplier
Integ_r 'fmon Good Poor Good
ability
'f“"‘s!e Not required Required Not required
rejection
dc-offset Yes No Yes
1/f noise Yes No Yes
Operational High Low
frequency of| (Large power Mediate (Small power
FS consumption) consumption)
Frquel?cy Not required Not required Required
multiplier
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CHAPTER 2
CMOS SUBHARMONIC INJECTION-LOCKED
FREQUENCY TRIPLERS

In this chapter, a new CMOS fully differential subharmonic injection-locked
frequency tripler (ILFT) is proposed and analyzed. It is suitable for complex
modulation schemes because of its fully differential structure. The locking range of
the proposed ILFT is improved by inserting the frequency pre-generator circuit before
the ILO. The main advantage of a frequency pre-generator is that the locking range
can be maximized with little degradation of ILO output performance. An analytical
model is developed to characteriZze both the locking.range and the output phase noise
of the proposed ILFT. The proposed K-band ILFT is fabricated using 0.18-pm CMOS
technology. According to the measured results, it has an locking range of 1092-MHz
wide with an input power of only 4-dBm'and a dc power consumption of 0.45 mW.
Moreover, the output power can achieve —9.4-dBm with 10.5-dB phase noise higher
than that of the input signal. This chapter shows that the key design requirement can
be achieved in the proposed ILFT. Finally, the theoretical results are verified by the

experimental results.

In Section 2.1, the model for the proposed ILFT is derived. The CMOS circuit
implementation is described in Section 2.2. The experimental results are presented in

Section 2.3. Finally, the conclusion and summary are given in Section 2.4.
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2.1 THEORETICAL MODEL FOR INJECTION-LOCKED

FREQUENCY TRIPLER

Based upon the locking mechanism for a small injection signal [26] and the
simple ILO model [67], a physical representation of the proposed ILFT with a
frequency pre-generator to generate the third-order harmonic signal connected to an
ILO is shown in Fig. 2.1. In the ILO model, H(jw) is the transfer function of the band
pass LC-tank filter used to eliminate undesired frequencies generated by the
frequency pre-generator. The active devices of the ILO are modeled as the linear
constant transconductance stage G,,. The frequency pre-generator is modeled as the
nonlinear characteristic function f{v;). Both the G,, and H(jw) with a feedback path
form the ILO. Without any input’signal, the TLO has a steady output signal if the
Barkhausen criterion is satisfied in.the close<loop structure. An incident signal v,(¢)
with input frequency w; is injected into-the-oscillator via a frequency pre-generator.
The output frequency wo is the function of input frequency w; while the oscillator is

under the locked situation.

If the ILFT is under the locked condition, the following apply:

v, (1) =V, cos(a,t +0) o0
Vo (1) =V, cos(@!) (2.2)
Vo) = f (v, (2) = f(V, cos(w,t +0)) (2.3)

where v/(?) is the incident signal with input frequency w;, amplitude V;, and phase 6,
vo(?) 1s the output signal with frequency wo = 3w; and amplitude V,; and v;.0(?) is

the output signal of the frequency pre-generator.
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From [68], v;.0(f) can be expressed as a polynomial series:

V0= 10, 0) =Y a, 0,0’

= ay +a, (1) +a,(v, (1))’ +a; (v, (1))’ +O((v, (1))") (2.4)

where a, is the coefficient of polynomial £, and O((v(?))*) is the terms of order higher
than three. The coefficient a3 is proportional to the conversion gain of the third-order
harmonic frequency generator. The output current of the transconductance stage G,

can been written as
igur = G, LS (7 (0)+v,(1)]
=G, [V, 0 () +v,(0)]. 2.5)
By substituting (1)~(3) into (5),
iour = GulV o () + v, ()]
=G, L/ (V; cos(a, +0)) + ¥, cos(@,1)]. 2.6)

By neglecting the O((v(1))*) term in (2.4), by substituting other terms in (2.4) into
(2.6), by assuming that any frequency not close to wy is filtered out by the frequency

selective load H(jw), and by rearranging the terms, (2.6) can be rewritten as

3

= |iOUT | cos(w,t +g(0)) 2.7)

where
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3 2 3 2
liur| = \/{GV +(03G+Vf]ws3e} {(%CZ% jsinw} (2.8)

a,G,V; sin36
4GV, +a,G, V> cos36

g(0)= arctan{ (2.9)

and as is the coefficient of cubic term in the nonlinear characteristic function of the

frequency pre-generator.

The approximate transfer function of the band pass LC-tank filter H(jw) can be

written as

HO
1+].2Q(w—w,] (2.10)
w

r

H(jw)=

where @, and Q are the resohant frequency and: quality factor of the LC-tank,

respectively. Hj is the impedance of the LC-tank at resonant frequency.

If the Barkhausen criterion is satisfied in.the"close-loop, the phase shift of the

close-loop should be zero. Thus

w

-

- arctan{m} + g(&) =0. (2.11)

Combing (2.9) and (2.11), gives

20(0-w,) a,G, V. sin30
= : : (2.12)
1) 4G,V +a,G V.’ cos30

r

By rearranging (2.12) and finding the solution for 8, the following is derived
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. o,
Sln(39—¢) (213)
\/1 . [zg(w— o )}
a)r
where
20(0-w,)
. @
¢ = arcsin L = (2.14)
Jl . {zg@— o, q
a)r
Since |sin(30— ¢)| <1, (2.13) can be rewritten as
oo 1| {ar) =) an;‘- 2.15)
a)r 2Q (4V0 )2 - (a3Vi3 ) 2Q 4V0

If 4V, >>a,V;, the approximation in (2:15) is-valid.

The output voltage amplitude can be written as

V,= |i0UT ||H(]a))|

2
3
= GmHO\/{VU —{%}0539} . (2.16)

By solving (2.16) and assuming V, + (a3Vi3 cos 349/ 4)> 0, the expression of the output

amplitude can be rewritten as

_ a,G,HV; cos30
" 40-G,H,)

(2.17)

In general, the locking range is limited by failure of either the phase condition
(2.15) or the gain condition (2.16) [67]. From (2.15), it can be seen that the locking
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range increases with an increase in either the conversion gain of the frequency
pre-generator or the incident amplitude V;. The degradation of the LC-tank quality
factor Q can also improve the locking range. However, the latter causes a decrease in
the impedance of the LC-tank H, and, thus, the output voltage amplitude also
decreases (2.17). This result is consistent with the results in [26]. According to the
proposed ILFT model, the design principle can be developed. It can be seen from
(2.17) that the quality factor of the LC-tank can be maximized in order to obtain
increased output amplitude. The resulting degradation of the locking range can be

improved by increasing of the conversion gain of the frequency pre-generator (2.15).

The overall ILO output phase noise is characterized by the noise contributions of
all blocks in an ILO [69]. The simplified,noise source model of the proposed ILFT is
shown in Fig. 2.2 where the conversion, gain of the'third-order harmonic signal in the
frequency pre-generator is simplified to be‘a constant value Arpg and vi o3, 1s the
signal with frequency 3w;. The'neise contribution from the frequency pre-generator
and the ILO are modeled as ngpq(t) and nzo(t), respectively. The linear phase-domain

model [70] is adopted to calculate the output phase noise.

The simplified noise source model of the proposed ILFT, as shown in Fig. 2.2,
can be divided into two parts. One part is the noise calculation of the frequency
pre-generator and the other is the noise analysis of the ILO. First, the noise
characteristic between v; and vy .03, 1s considered. The phase noise spectral density

Sivio(@m) at vios, node can be expressed as [69]

S]N,]LO(a)m ) =3 S]NJ (a)m)+ SFPG (a)m) (2.18)

where Siv(@n) and Srpg(®,,) are phase noise spectral densities of the injection signal

and frequency pre-generator, respectively. w,, is the offset frequency from output
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frequency wo.

The noise relation between v; .03, and vo can be written as [69]

o0

2 ~IN,ILO + 2 SFreeRun
a w
1+ {’"] I+ [’“]
w, w,

where the corner frequency of the ILFT noise transfer function w, can be written as

Sour (a)m): (a)m) (2.19)

w =% 1 (2.20)
?201+7n

_AFPGVi

n=—l (2.21)

In the above equations, Sour(®,) and Srreerun(@n) are phase noise spectral densities of
output and internal circuits, «wrespectively; «Appe 18 the conversion gain of the
third-order harmonic signal in the fréquency-pre-generator; w, and Q are the resonant
frequency and the quality factor of LC-tank in‘the band pass filter, respectively; Hy is
the impedance of the LC-tank at resonant frequency; and V; and V, indicate the

amplitudes of input and output, respectively.
The combination of (2.18) and (2.19) results in the following:

2
@,
3? 1 o,

SOUT (a)m) = 2 S[NJ (a)m) + 2 SFPG (a)m) + 2 SFreeRun
. . w
1+ m 1+ us 1+ =
Ct)p Cl)p C()p

As may be seen from the first and the second terms in (2.22), the noise from the

(@,) (2.22)

input signal and frequency pre-generator are passed through the low-pass filter so that

their noise transfer functions have low-pass transfer characteristics. Thus, the output
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phase noise is dominated by these two noise sources at small offset frequency w,,. If
the noise contribution from the frequency pre-generator is negligible, the output phase
noise is 9.5 dB [=10log (3*)] higher than that from the input signal with a small offset
frequency. The noise from internal circuits as given in the third term of (2.22) has a
high-pass transfer characteristic. At large offset frequency w,,, the output phase noise
is dominated by this noise and has a high-pass shape. To minimize the output phase
noise, the corner frequency w, can be increased to filter out the internal noise. As may
be seen from (2.20) and (2.21), w, can be increased by either degradation of the

LC-tank quality factor Q or the high incident amplitude V.

A summary of the proposed ILFT can be developed from (2.6)—(2.11). The
quality factor Q of the LC-tank is maximized for a large output voltage swing and for
low-power consumption. The degradation of the locking range and the output phase
noise from the increase in quality factor O can be compensated for by increasing the

conversion gain of the frequency-pre-generator:

If the frequency pre-generator is removed from ILFT, the nonlinear characteristic

function is performed by ILO. Thus, the locking range can be derived as

|a)——a), < B (as v )2
o, 20\ (4a, +6ay 2V, +3a | - (a7 f

1 | a3Vi3 | (223)
" 20|4aV, +6a, V2V, +3a ]|

Whereas the output amplitude is represented as

(2.24)

3

2
V. :GmHO\/[aIVU {“{f jcos30+%a3Vi2VU +%a3Vf} :
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It can be seen from (2.23) that the locking range can be increased by increasing
|as|. In general, the value of a3 is negative, and an |as| which is too large would
degrade the output amplitude of the ILFT in (2.24) significantly. Obviously, if an
ILFT works without the frequency pre-generator, the extra power consumption is

required for both a large locking range and large output amplitude.

2.2 CIRCUIT REALIZATION

2.2.1 The Circuit Design of Injection-locked Frequency Triplers

Based on the model developed in Section 2.1, the K-band and V-band CMOS
ILFTs are designed. The proposed, CMOS ILFT circuit is shown in Fig. 2.3. The
off-chip transformer T1 is designed to :generate the differential input signal. The
function of the frequency pre-generator.is implemented by M1 and M2. The design
guideline of M1 and M2 is the same as for the conventional frequency multipliers in
[71]. The gate bias Vpjas of M1 and M2 is fed from the input off-chip transformer T1
and the conversion gain of the frequency pre-generator can be maximized with an
appropriate Vgias value. The tripled-frequency signal generated by the frequency
pre-generator is injected into the ILO formed by M3, M4, C1, C2, L1, and L2. The
selected values of inductors L1/L2 and varactors C1/C2 are chosen so that their
resonant frequency is close to the third-order harmonic frequency of the input signal.
According to the design guideline in Section 2.1, the quality factor of the LC-tank is
maximized for a large output swing and low power consumption. Vryng is the
external controlled signal used to increase the locking range. M3 and M4 are used to
generate the negative resistance to compensate for the loss of the LC-tank. R1 is

designed for the improvement of the harmonic rejection-ratios (HRRs). Finally, the
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output signals are taken from the open-drain buffers for test purposes. The proposed
ILFT has a current-reuse structure between the frequency pre-generator and the ILO

for low power operation.

Fig. 2.4 shows the HSPICE simulated normalized third-order harmonic currents
Ia3/lamax Of the frequency pre-generator M1/M2 as a function of conduction angle
(Bcon) where Ig3 is the output amplitude of the drain current at the third-order
harmonic frequency, lgmax 1S defined as the maximum peak-to-peak output drain
current, and conduction angle is the device turn-on angle within one period of input
signal. The simulation condition involves an 8-GHz input signal with 4-dBm input
power and a MOS device with dimensions of W/L = 18 pm/0.18 pum with gate-source
bias voltage changing from 0.03 V to 1.03 .V. Because of the parasitic capacitance of
the device, the ac current between the gate and drain is included in the output drain
current l4max. Thus, the normalized harmonic current curve in Fig. 2.4 is not the same
as the ideal switch condition in [71}."The=maximum output third-order harmonic
current occurs when the conduction angleris* 100°. With this conduction angle, the
devices M1/M2 must be biased at the weak-inversion region. Under this condition, the
ILO circuits may not satisfy the oscillation condition with such a small dc current. In
the proposed ILFT, the frequency tripled function devices (M1 and M2) are biased at
a conduction angle of 250° for higher frequency conversion efficiency while
maintaining oscillation. The Vgjas can be calculated by a given input power, a device

threshold voltage, and a suitable conduction angle [71].

Because the even harmonic signals are common-mode signals, an appropriate
value for resistor R1 is set to eliminate the undesired even harmonic signals. To verify
the effect of R1, Fig. 2.5 shows the HSPICE simulation results of the second-order

and forth-order HRRs for various values of R1 in the K-band ILFT design. It can be
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seen that the HRR can be improved with a small R1 value. When the R1 value is 90
ohm, the HRRs improve with only a small voltage drop for the K-band ILFT.
However, for the V-band ILFT, the R1 value needs only to be 55 ohm because of the

low nominal power supply voltage in 0.13-pum CMOS technology.

2.2.2 The Simulation Results of Injection-locked Frequency Triplers

2.2.2.1 K-band ILFT

Based on the model development in Section 2.1 and the circuit description in
Section 2.2.1, the device dimension for K-band ILFT in 0.18-um CMOS technology is
shown in Table 2.1 (a). The locking range as a function of input bias Vpjag is shown in
Fig.2.6. Small dc current is allowed through M3/M4 as the input bias Vpjas is
decreased, the negative-resistance generated. by M3/M4 becomes weaker. Therefore,
the locking range is increased dug'to the small‘effective quality factor of LC tank. Due
to a large third-order harmonic current is generated by M1/M2 at the Vpias 0of 0.65 'V,
it exists a peak locking range. As arresults;-the input bias value Vgjas of 0.65 V is

suggested in the K-band ILFT.

The simulated power consumption of the K-band ILFT is 2.95 mW at a power
supply of 1.5 V. The SPECTRE RF simulated free-running K-band ILFT output after
output buffer at time-domain and frequency-domain analysis are shown in Figs. 2.7
and 2.8, respectively. The free-running K-band ILFT provides the output amplitude of
250 mV as can be seen from transient simulation and output power of —2.04 dBm at
25.39 GHz as shown in the Fast-Fourier Transform (FFT) results. The simulated
locked K-band ILFT output after output buffer with input power of 4 dBm, input
frequency of 8.48 GHz, and Vgjasof 0.65 at time-domain and frequency-domain are
shown in Figs. 2.9 and 2.10, respectively. It can be seen from Fig. 2.9 that the

fundamental signal is existed in the output waveform. The simulated output spectrum
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of locked K-band ILFT is shown in Fig. 2.10 where the HRRs compared to the
desired third-order harmonic are 24.21, 16.56, 25.49, 40.40 dBc for the first, second,
forth, and fifth harmonics, respectively. Due to the parasitic capacitance of resistor R1,

the HRRs can not reach to the ideal case in Fig. 2.5.

The SPECTRE RF simulated output frequency under locked condition as the
varactors tuning voltage Vyyng varies from 0 to 1.5 V is shown in Fig. 2.11. Because
the quality factor of the varactor decreases as the tuning voltage Vrung decreases, the
locking range at lower tuning voltage is larger than that at higher tuning voltage. The
output frequency range of the K-band ILFT under free-running condition is from
22.98 GHz to 25.39 GHz. With a 4-dBm input signal, the output frequency range of
the K-band ILFT under locked condition is from 21.54 GHz to 25.71 GHz. Therefore,
the output frequency range extends, from2410 MHz to 4170 MHz. The simulated
input power versus the output frequency when the input bias Vpgias is set at 0.65 V is
shown in Fig. 2.12. The upper and lower locking ranges are labeled as the maximum
and minimum output frequencies underlocked condition, respectively. The locking
range is from 30 to 690 MHz while the input power varies from —7 to 4 dBm.

2.2.2.2 V-band ILFT

The V-band ILFT is also designed in 0.13-pum CMOS technology. Due to the
poor performance of varactor in V-band frequency, the varactors C1/C2 are not
included in the V-band ILFT. Hence, the selected value of inductors L1/L2 is chosen
so that they can resonate with the total parasitic capacitances at the drain of M3/M4 at
the third-order harmonic frequency of input signal. The threshold voltage Vy in
0.13-um CMOS technology is smaller than that in 0.18-um CMOS technology so the
input bias Vpjas for maximization of third-order harmonic current is 0.55 V. The

device dimension for V-band ILFT is shown in Table 2.1 (b). The simulated power
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consumption of the V-band ILFT is 2.09 mW at a power supply of 1.2 V.

The SPECTRE RF simulated free-running V-band ILFT output after output
buffer at time-domain and frequency-domain analysis are shown in Figs. 2.13 and
2.14, respectively. The free-running V-band ILFT provides the output amplitude of
127 mV as shown from transient simulation and output power of —8.9 dBm at 60.10
GHz as shown from FFT results. The simulated locked F-band ILFT output after
output buffer with input power of 6 dBm, input frequency of 20.3 GHz, and Vgias of
0.55 V at time-domain and frequency-domain are shown in Figs. 2.15 and 2.16,
respectively. The simulated output spectrum of locked V-band ILFT is shown in Fig.
2.16 where the HRRs compared to the desired third-order harmonic are 19.08, 18.92,

29.47, 39.31 dBc for the first, second, forth, and fifth harmonics, respectively.

The SPECTRE RF simulatéd input power. versus the output frequency with input
bias Vgjas of 0.55 V is showniin Fig, 2.:17. The locking ranges are 870 MHz, 1200
MHz, and 1590 MHz at the inputpower are 4dBm,*6dBm, and 9dBm, respectively. To
simulate the phase noise relation between V-band ILFT input and output, a
low-frequency VCO operated at the one-third of the V-band ILFT output frequency is
designed and the VCO output is directly injected into the ILFT input. The SPECTRE
RF simulated phase noise of V-band ILFT input and output with the offset frequency
from 100 kHz to 100 MHz is shown in Fig. 2.18. The phase noise difference between
input and output of V-band ILFT are 9.55, 9.6, and 12.5 dB at the frequency offset of
1 MHz, 10 MHz, and 100 MHz, respectively. At small frequency offset, these values

are close to the theoretical limit 9.54 dB (=1010g(32)) as can be seen from (2.22).
2.2.3 Layout Consideration

Layout is an important issue in the millimeter-wave circuit design. There is a
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reason for explanation that the conventional layout parameter extractions (LPE)
method is not suitable for such high frequency application. The interconnection
inductance can not be extracted by LPE command. The interconnection inductance
should be taken into consideration if the length of the metal line is longer than
one-tenth of the wavelength. In the millimeter-wave frequency range, the wavelength
is the order of hundreds um. Therefore, the characteristics of those interconnection
metal lines are simulated by the 3D EM CAD tool High-Frequency Simulation

Software (HFSS).

2.3 EXPERIMENTAL RESULTS

Based upon the proposed IEFT circuit:structure, both K-band and V-band ILFTs
are designed and fabricated @using 0.18-um and  0.13-um CMOS technologies,
respectively. The chip microphotograph of the K<band ILFT is shown in Fig. 2.19
where the chip area is 0.66 mm % 0.69 mm. The chip photograph of the V-band ILFT
is shown in Fig. 2.20 where the chip area is 0.59 mm x 0.66 mm. The chip areas of

both the proposed ILFTs are limited by the minimum distance between the pads.

In the measurement setup, an on-wafer measurement system incorporating a
probe station, ground-signal-ground (GSG) coplanar probes, and high-speed cable is
used to measure chip performance as can be seen from Fig. 2.21. The input signal for
the fabricated K-band ILFT is from an analog signal generator and is connected to a
180° hybrid coupler. The output power is measured by a spectrum analyzer. Because
the maximum available frequency of 180° hybrid coupler is lower than K-band ILFT
output frequency, the differential output cannot be measured. A waveguide harmonic

mixer is used to measure the output power of the fabricated J-band ILFT.
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Additionally, due to the higher cable loss of input signal for the V-band ILFT, a

microwave system amplifier is used to compensate the loss.

The phase and magnitude imbalance of the input differential signals can be tested
by combing the differential signals. Ideally, the summation of differential signals is
zero. In other words, if the phase or magnitude is imbalance, the summation of
differential signals is nonzero. The phase and magnitude imbalances can be

minimized by using phase shift and power attenuator.

2.3.1 K-band ILFT

The fabricated K-band ILFT starts to oscillate at a bias current of 0.79 mA from
1.5 V. The measured output spectra of the K-band ILFT versus the output frequency
under free-running and locked counditions with probe and cable losses and input bias
Vgias of 0.56 V are shown in Figs. 2.22 and*2.23, respectively. The measured peak
output power is —11.76 dBm at 26.32°GHz-under free-running condition and —8.09
dBm at 26.32 GHz under locked ‘condition.with input power of 4 dBm, input bias
Vgias of 0.56 V, and 4.7-dB power loss from cable and probe. Because of the
contribution of input power, the locked ILFT has a higher output power than the
free-running ILFT.

The simulated and measured input power versus the output frequency with the
input bias Vpias of 0.56 V and external tuning voltage Vryng of 1.5 V is shown in Fig.
2.24. The upper and lower locking ranges are labeled as the maximum and minimum
output frequencies under locked condition, respectively. The simulated and measured
locking ranges versus input power are shown in Fig. 2.25 where the measured locking
range is from 156 to 567 MHz while the input power varies from -9 to —1 dBm. At an
input power greater than 0 dBm, the locking range decrease slightly, as shown in Fig.

2.25. With small input power, the measurement result is close to the simulation result.
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With large input power, the measured locking range is smaller by 100 MHz. This is
because the valid frequency range of the simulation model is not completely covered
with the desired frequency range.

The locking range is mainly determined by two important factors. One is the
nonlinear term a3 of the frequency pre-generator whereas the other is the nonlinear
characteristic of the ILO. As input power is small, the linear model of the ILO is valid.
Thus, the locking range is dominated by the nonlinear term a3 as can be seen from
(2.15). As the input signal is increased, the locking range is increased due to the
increase of V; and as. If the input signal is increased to a moderate value which causes
the conduction angle smaller than 250°, this leads to the large decrease of a; as can be

seen from Fig. 2.4. The locking range is, therefore, almost saturated.

The simulated and measuredlockingrange versus the input bias voltage Vgais of
M1/M2 with input bias Vgias of 0.65 V and tuning voltage Vryng of 1.5 V are shown
in Fig. 2.26. It can be seen from Fig. 2.26-that the locking range increases with a
decrease in the input bias. This result can be explained by the fact that the lower input
bias allows only a small current through M3/M4. Thus, the weaker
negative-resistance generated from M3/M4 reduces the effective quality factor of
LC-tank. Besides, the conversion gain of the frequency pre-generator is a function of
input bias Vgias. Therefore, the locking range is increased at the higher third-order

harmonic current region as can be seen from Fig. 2.4.

The varactors C1/C2 are designed in the K-band ILFT. In Fig. 2.27, the total
output frequency under locked condition is 3920 MHz as the varactors tuning voltage
Vrung varies from 0 to 1.5 V with a dc power consumption of 2.95 mW and an input
power of 4 dBm. The output frequency range of the K-band ILFT under free-running

condition is from 24.08 GHz to 26.27 GHz. With a 4-dBm input signal, the output
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frequency range of the K-band ILFT under locked condition is from 22.58 GHz to
26.50 GHz. Therefore, the output frequency range extends from 2190 MHz to 3920

MHz.

The measured phase noises of the reference input, free-running output, and
locked output from 1 kHz to 10 MHz is shown in Fig. 2.28. It shows that the phase
noise difference between the reference input and the locked output is 10.5 dB from 1
kHz to 1 MHz offset. The slightly larger output phase noise at a signal frequency
higher than 1 MHz offset is due to excess noise from the internal circuit and output

buffer. The spur at around 1MHz offset is from signal generator.

The measured output phase noise as a function of input power is shown in Fig.
2.29. At large input power levels, the'measured phase noise of the locked output can
approach the theoretical limit of 10log (37):=9:5 dB, as derived in Section 2.1. The
phase noise degradation from the frequency pre-generator is 0.8 dB at 1-kHz offset
and 1.5 dB at 100-kHz offset, respectively. In‘addition, the phase noise at small
frequency offset can be close to the theoretical limit as compared to that at large
frequency offset with the same input incident amplitude V; due to the low pass

frequency response.

The measured output spectrum is shown in Fig. 2.30 where the HRRs compared
to the desired third-order harmonic are 22.65, 30.58, 29.29, 40.35 dBc for the first,
second, forth, and fifth harmonics, respectively. The HRRs of even-order harmonics
are 6.64-dB higher than those of odd-order harmonics because of the common-mode
rejection capability of R1. In general, R1 does not affect the output performance for

odd-order harmonics.

Finally, the measurement of reference input and locked output waveforms are
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also tested by the oscilloscope. The measured output waveform with cables and probe
losses, input bias Vpias of 0.65 V, and tuning voltage Vrung of 1.5 V is shown in Fig.
2.31. Due to the phase shift from the cables, the phase relation between input and
output signal as shown from oscilloscope is not exactly the same as those of K-band
ILFT. It can be seen from Fig. 2.30 that the locked K-band ILFT can provide a stable

output waveform with the three time frequency of input signal.

2.3.2 V-band ILFT

The V-band ILFT starts to oscillate at a bias current of 1.55 mA from 1.2 V. The
measured output spectra of the V-band ILFT versus the output frequency under
free-running and locked conditions with probe and cable losses are shown in Figs.
2.32 and 2.33, respectively. The loss dftom the eéxternal waveguide subharmonic mixer
is de-embedded by the spectrumanalyzer. The measured peak output power is —16.14
dBm at 60.025 GHz under free-running condition and —14.81 dBm at 60.025 GHz
under locked condition with 4-dBm input power;a*Vpias of 0.55 V, and 9.6-dB power

loss from cable and probe.

The measured input power versus the output frequency when the input bias Vgjas
is set at 0.55 V are shown is Fig. 2.34. It can be seen from Fig. 2.35 that the locking
range achieves 1422 MHz with 6-dBm input power and 1662 MHz with 9-dBm input
power. As the input power is smaller than 1 dBm, the ILO stage is linear and a3 is
nearly constant. Thus, the locking range is increased with V;. With the input power
greater than 1 dBm, the locking range is nearly saturated because of the large decrease
of the nonlinear term a;. If the input signal is increased to be larger than 2 dBm, the
ILO becomes nonlinear and (2.15) is not valid. Under this condition, the extra
third-order harmonic is generated by the nonlinear ILO. Therefore, the locking range

1s increased instead of saturated.
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The measurement setup for output phase noise with external down-conversion
mixer is shown in Fig. 2.36. A power splitter is required for the operation of
instrument. The measured phase noises of the reference input, free-running output,
and locked output from 1 kHz to 10 MHz is shown in Fig. 2.37. The noise
contribution for external down-conversion mixer is not de-embedded. It shows that
the phase noise difference between the reference input and the locked output is 10 dB
from 1 kHz to 500 kHz offset. The slightly larger output phase noise at a signal
frequency higher than 500 kHz offset is due to excess noise from the internal circuit.
Because the phase noise measurement with ultra low noise floor and a
cross-correlation method can be provided by the signal source analyzer, the measured

value of the output phase noise can be lower than —155 dBc as shown in Fig. 2.37.

The measurement of reference input-andlocked output waveforms are tested by
the high-speed wideband sampling oscilloscope. The measured output waveform with
cables and probe losses is shown in.Fig:-2:38./Due to the phase shift from the
high-speed cables, the phase relation between  input and output signal as shown from
oscilloscope is not exactly the same as those of V-band ILFT. It can be seen from Fig.

2.38 that the output waveform is similar to the simulated result as shown in Fig. 2.15.

Due to the limitations of the instruments currently available, the HRR can not be
measured. From the simulation results, the HRRs are higher than 18.9 dBc for every

undesired harmonics.

In Table 2.2, the recently published CMOS subharmonic ILFMs are compared
with the proposed ILFTs. It can be seen that the proposed ILFTs, in contrast to the
corresponding CMOS subharmonic ILFMs, can operate with lower dc power
consumption. Moreover, this design is the first CMOS ILFT operated in the

millimeter-wave band.
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As compared with the work in [23], the locking range is around six-times of the
proposed work in this chapter. Because low quality factor of LC-tank is chosen and
the output power in [23] is only one-third that of the proposed work, the locking range
can be larger than the proposed work as shown in (2.15). In addition, the method for
the generation of third-order harmonic signal is different. The characteristic of
third-order harmonic generation devices can affect the output amplitude directly as
shown in Fig. 2.39 where the signal v;, is the input signal for quadrature signal

generation.

The published bulk-CMOS VCOs worked at the K-band and V-band listed in
Table 2.3 are compared with the proposed ILFTs. It can be seen that the locking range
of the proposed ILFT is similar to the tuning range of a bulk-CMOS VCO. The
proposed ILFT can provide similar outputpower with lower power consumption even

when the input power P iS considered as compared with the corresponding

bulk-CMOS VCOs.

The simulation and measurement results have shown that the proposed ILFTs
can achieve high output power and low power consumption. However, the locking
range of ILFT still can not be larger than 10-GHz even if the quality factor of LC-tank
is decreased. The main reason is that the large parasitic capacitances between
frequency pre-generator stage and ILO stage. The generated third-order harmonic
signal is leaked to substrate. Thus, the locking range expressed in (2.15) should be
considered the effect. To achieve larger locking range, the transformer can be

designed to increase the injection current as can be seen from Fig. 2.40.
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24 SUMMARY

A millimeter-wave CMOS subharmonic ILFT with a triple-frequency
pre-generator is proposed and analyzed. A model for the proposed ILFT is developed
to calculate both the locking range and the output phase noise. Based on the model,
the design guideline for the maximization of the locking range and the minimization
of the output phase noise is developed. The quality factor of the LC-tank of the ILO
stage and the conversion gain of the frequency pre-generator stage are maximized to
obtain a wider locking range, higher output voltage, and lower output phase noise

with low dc power consumption.

According to the developed design guidelines, both the K-band and V-band
CMOS ILFTs have been designed and fabricated using 0.18-um and 0.13-um
technologies, respectively. As=seen from the measurement results, the fabricated
CMOS K-band ILFT can achieve the locking, range of 4.83 % with 4-dBm input
injection power and 0.45-mW dc powet.consumption. Moreover, the locking range of
15.06 % is performed using varactors. The fabricated V-band CMOS ILFT has a
locking range of 2.3 % with 6-dBm input injection power and 1.86-mW dc power
consumption. The measurement results have verified the performance of the proposed

ILFTs.

Since it is feasible to design a high-performance VCO at low frequency without
the use of full-speed frequency dividers, the proposed CMOS ILFT offers great
potential application in LO signal generators for frequency synthesizers in the

millimeter-wave band or even in the sub-millimeter-wave band.
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Table 2.1
Dimensions of devices in (a) K-band ILFT and (b) V-band ILFT.

(2)

Device Dimension

M1/M2 | (1.5 pum/0.18 pm)x 24

M3/M4 | (3 pm/0.18 pm)x 8

M5/M6 | (4 um/0.18 pm)x 6

C1/C2 (3 pm/0.18 um)x 20

Metal width =15 um

L1/L2 Radius = 80 um
Turn =1
R1 87.6 Q
(b)
Device Dimension

M1/M2 |(1.4 um/0.13 pm)x 12

M3/M4 | (1.5 um/0.13 pm)x 6

M5/ M6 (1.5um/0.13 um)x 8

Metal width =9 um

L1/L2 Radius = 33 um
Turn =1
R1 55.7 Q
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Table 2.2

Comparison with published subharmonic ILFMs.

Locking Output
.| e, |7 e e S |
(MHz / dBm)
vmﬁ( OJob™ 265 | x3 | 1092/4 | 809 | 15 | 0.45
e Oéﬁg‘é“ 265 | x3 | 3915°/4 | 685 | 1.5 | 2.95
\mﬁ( Oéﬁg‘g" 60.0 | x3 1422/6 | 148 | 12 | 1.86
[20] Oéﬁgg‘ 24 | x2 15172 | -3391| 33 | 4.95
21] |Ogob™ 32 | x2 | 110076 A7 | 10 | 22
[21] 0(':1';3‘;" 48 | x3 600 / 6 A2 | 10 | 3.7
[22] 061M33‘g" 48 | x3 | 1008/6 | NA | NA | 1.47
23] |O0 b 605 | x3 | 9000/1 |-27.26| 10 | 96
[24] Oéﬁg‘g‘ 612 | x4 | 3640/12 |-3492| 20 | o8

a The tuning varactor is used.
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Table 2.3

Comparison with published bulk-CMOS VCOs.

Ref. | Tech. ('gﬁ‘:_') E:::SS ngacri:g:eg S(l\‘/ﬂ?tl)y (r':ws} ’d';%) 3333::

(MHz) | (MHz) (dBm)
V1\-Ilc1>ifk Oéﬁg‘g“ 265 | - 1092 | 15 | 045/4 | -8.09
vTvgifk Oéﬁg“s“ 26.5 - 3915 | 1.5 295/4 | -6.85
vTvgifk Oéﬁg‘é" 60.0 ; 1422 | 1.2 1.86/6 | -14.8
[72] Oéﬁg‘é“ 19.9 | 510 ; 1.8 320/- | -3.0

[73] Oéﬁgg‘ 251 | 3012° - 2.2 11.0/- | -29.77
[74] °é1|33‘é" 259 | 600 ; 1.5 240/- | -22.0
7] Oéﬁg‘é“ 51.6 | 700° - 1.0 10/- | -30.0
8] Oéolag‘é“ 60.0 | 100 ; 1.0 19/- | -30.5
9] Oéﬁg‘é“ 59.5 | 5800° | - 1.5 96/- | -10.0

a The tuning voltage is 4 V and higher than supply voltage.
b The tuning voltage is 1.5 V and higher than supply voltage.
¢ Two stage output buffer is used for low output loading of VCO.
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Fig. 2.1 The model of the proposed ILFT.
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Fig. 2.2 Simplified noise source model in the proposed ILFT.
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Fig. 2.19 Chip microphotograph of K-band ILFT (0.66 mm % 0.69 mm).
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Fig. 2.23 Measured output spectrum of the fabricated K-band ILFT under locked
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Fig. 2:40 Transformer=based ILFT.
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CHAPTER 3
60-GHZ CMOS PHASE-LOCKED LOOP WITH
INJECTION-LOCKED FREQUENCY
MULTIPLIER

In this chapter, the design of a CMOS phase-locked loop (PLL) cascaded with
the injection-locked frequency multiplier (ILFM) for 60-GHz applications is proposed
and designed to verify the low-power design concept of millimeter-wave CMOS PLL.
The proposed CMOS ILFM is designed to generate the fifth-order harmonic
frequency of the voltage-controlled, escillator (V.CO) output. The proposed PLL with
ILFM is designed and fabricated using :0:18-pum bulk CMOS technology. The
measured output frequency range is from 53.04 GHz to 58.0 GHz which is higher
than the transition frequency (fr ~55 GHz) of the' device, but the highest frequency of
the frequency divider in the proposed PLL structure is only 11.6 GHz. As a result, the
total power dissipation can be reduced significantly as compared with pervious work

[28]-[31].

In Section 3.1, the general theoretical model for odd-order ILFM is presented.
The design consideration for third-order PLL is described in Section 3.2. The
proposed architecture of the 60-GHz PLL and the building blocks of the proposed
PLL including VCO, ILFM, frequency divider, phase-frequency detector (PFD),
charge pump (CP), and loop filter are described in Section 3.3. The experimental

results are shown in Section 3.4. Finally, the conclusion is given in Section 3.5.
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3.1 THEORETICAL MODEL FOR INJECTION-LOCKED

FREQUENCY MULTIPLIER

The model for injection-locked frequency tripler (ILFT) developed in Chapter 2
can be extended into higher-order structure for odd-order ILFM analysis. In this
Section, the general expression for fifth-order ILFM is described. Based upon the
model developed in [25], the extension model for fifth-order ILFM is shown in Fig.
3.1. The frequency pre-generator is modeled as the nonlinear characteristic function
flvp); the active devices of the injection-locked oscillator (ILO) stage are modeled as
the linear constant transconductance stage G,; H(jo) is the transfer function of the
band pass LC-tank filter in the output of the ILO stage; v/(¢) is the incident signal with
the input frequency wy; vo(f) is the output signal.with the frequency wo = Swy; the
positive odd integer, v;io(?) is-the.output signal of the frequency pre-generator; and

iour 1s the output current of the transconductance stage G,,.

By extending the nonlinear characteristic function f{v;) into the fifth-order

polynomial,
V100 = 10, 0) =Y a,0,0)

=ay,+ay, (1) +a,(v, (t))z +a;(v, (0)3 +a,(v, (0)4
+a;(v, () +O0((v,(1))") (3.1

where a, is the coefficient of polynomial f, and O((v(1))®) is the terms of order higher

than five.

The output of the frequency pre-generator v;.o(t) can be expressed as

74



3 5
Vo) = [alV +3ajTV" + SGSTV’] cos(wr + 6’)

3 5 5
+ (ﬂ + %) cos(3at +36)+ %cos(Sa)t +56).

4 (3.2)

where V; and V, are the incident and the output amplitude, respectively.
By use of the same process shown in Section 2.1, the normalized locking range of the

ILFT can be rewritten as

2
a3Vi3 +5a5Vi5
w-o]_ 1 4 16 1 a3K3+5a5K5
o, 20 5 SV 20|47, 16,
(VO)Z_(%VI +505V,J
4 16 (3.3)

and the normalized locking range:of the ILFM with fifth-order harmonic output can

be expressed as

1 \/ a2 f 1 ey

|(0—60r
o, 20\(6v,) - (a2 fri20]167,

r

(3.4)

where , and Q are the resonant frequency and quality factor of the LC-tank in the
output of the ILFM, respectively. The expression of the output amplitude for ILFT can

be rewritten as

3 5
G Ho(ai/"+5als?jcos36

(1-G,H,) 63)

and the expression of the output amplitude of ILFM with fifth-order harmonic output

can be written as

_asG, HV; cos50
° 16(1-G, H,) (3.6)
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where Hj is the impedance of the LC-tank at their resonant frequency, and 6 is the

phase difference between the input signal and the output signal.

To compare with (2.15) and (3.3), the locking range of ILFT is determined by not
only the third-order coefficient a3 but also the fifth-order coefficient as. In general, the
coefficients a3 and as are negative and positive, respectively. In other words, the
locking range can be maximized by the maximization of coefficients a; and the
minimization of coefficient as of the frequency pre-generator. The derived output
amplitude V, (3.5) is also degraded by the coefficient as. As a result, the choice for the
conduction angle Ocon discussed in Section 2.2 should be considered the effect from

as for more detail analysis.

The design flow of the ILFM. for fifth-order harmonic output can be decided
from (3.4) and (3.6). The conyersion gain, of, the frequency pre-generator and the
amplitude of the incident signal:from VCO are maximized for the maximization of the
locking range. To further increase the locking range of ILFM, it can trade off output

voltage swing for large locking range via the quality factor degradation of LC-tank.

The simplified noise model of ILFM for fifth-order harmonic output is shown in
Fig. 3.2 [25] where the conversion gain of the fifth-order harmonic signal in the
frequency pre-generator is simplified to be a constant value Arpc and vi0s, 1S the
signal with frequency Sw;. The noise contribution from the frequency pre-generator
and the ILO are modeled as nzpg(f) and no(f), respectively. The linear phase-domain
model [69]-[70] is adopted to calculate the output phase noise. By using the same

process in Section 2.1, the derived output phase noise can be expressed as
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Sor(0,)=—— 5, (0,)+—— 5 (@,) (ZJ

2SINJ @
Cbp

where the corner frequency of the ILFM noise transfer function w, can be written as

(@,)

+ 2 SFPG @, + —2SFreeRun
14| @n 14| @
w, o, 3.7)

@O 17

w =—=

P 201+n (3.8)
_ AweVi
n v (3.9

In the above equations, w,, is the offset frequency from output frequency wo and
Sovr(@m), SIn (@), Srrc(®n), and Srreerun(@m) are the phase noise spectral densities of
output, input injection signal, frequency pre-generator, and internal -circuits,

respectively.

3.2 THIRD ORDER TYPE-II'PHASE-LOCKED LOOP DESIGN

CONSIDERATION

The block diagram of a typical PLL is shown in Fig. 3.3. It is composed of PFD,
low-pass filter (LPF), VCO, and divide-by-M frequency divider. The PFD is a
comparator that can detect the phase/frequency difference between two inputs, f,..r and
fav. The LPF is used to storage the PFD output voltage which controls the VCO
output frequency. If the phase/frequency of frequency divider fz, is lower than the
phase/frequency of the reference frequency f..;, the VCO control voltage is increased
by PFD. Thus, the output frequency of VCO increases to catch the reference
frequency. After their phases/frequencies are equal, the PFD output is stable. At the

moment, a constant phase error between the phase of frequency divider output and the
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phase of reference input is existed. If the phase error is not a function of time, it is
defined as phase locked. In this PLL configuration, the output frequency of VCO fou

is M times the reference frequency f,., under locked condition.

A charge-pump PLL can be modeled as the linear and phase domain system as
shown in Fig. 3.4 if the loop bandwidth of the PLL is much less than the reference
frequency [75]. In this model, VCO is modeled as an integrator with a gain of Kyco in
rad/sec/volt, the phase detector has a gain of Kpp = Ip/ 2w where Ip is the nominal
charge-pump current; the transimpedance transfer function of the loop filter is Z;x(s);
and the divider ratio of the frequency divider is M. The closed-loop transfer function

H(s) = 6,/ By can be written as

R
H — Zout _ T S
VRN P 715 0
2720 G S M
1
%ZLF(S)KVCO
T

(1 1
+| =7 Koo |—
S (27[ 1 (8) VCO)M (3.10)

which a low-pass transfer characteristic of H(s) is shown. In a third-order type-II PLL,

the transfer function of passive loop filter as shown in Fig. 3.5 can be expressed as

7 (S)_( b ] w+1
o b+1sc{“+q

b+1 (3.11)

where
7=R1-Cl (3.12)
b=C1/C2. (3.13)
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By substituting (3.11) into (3.10), the closed-loop transfer function is found to be

H) = Kb
—8  +Ms* + S+
b+1 b+1 (b+1)r (3.14)
where
K=leg g
= ot (3.15)

The transfer function (3.14) has a denominator of three degree, so the system is a
third-order PLL. However, a three poles system introduces a stability problem. The

loop filter should be designed carefully to maintain the loop stability.

In the open-loop transfer functien, the additional pole is located at s=—(b+1)/z,
which is much larger than othet low-frequency:poles for large b. If C2 is small for
large b, then only high-frequency property is affected:by the additional pole. Thus, the
low-frequency response is essentially the same asfor the second-order loop [75]. In
general, the selected value of additional pole is larger than the loop bandwidth for
stability consideration. A phase margin is 62° as the additional pole is four times of

the loop bandwidth.

There are several noise sources in a PLL. To simplify the noise analysis, three
main noise sources in a PLL are considered. They are ¢, from reference signal in
rad/Hzl/z, ®veo from VCO in rad/Hzl/z, and vy from the loop filter in volt/Hz"%. The
linear phase-domain PLL model is shown in Fig. 3.6. The transfer functions from

these noise sources to the output can be expressed as

¢out (S) — T

0, (5) T T Al)p (3.16)
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#., () 1+ 4Als)p (3.17)

ZO;Z((;)) =T ()=1; Al(s)ﬂ ' K;CO (3.18)
where

A(s) =K, Z,,(5) K;CO (3.19)

B= ﬁ . (3.20)

Assume the cross-correlation functions of these noise sources are zero, the total noise

can be calculated with an root-mean-square (RMS) sum,

02 =0TV + (0T ) + (0,7, )

) (%T i)+ (WJZ o)1 (mj i {%j G20

As may be seen from the first termin(3:21), the noise from the reference clock
is passed through the low-pass filter so that the PLL output phase noise is dominated
by the noise from the reference clock at small offset frequency. In addition, the noise
contribution from reference clock is increased by the feedback divider ratio M in side

the loop bandwidth.

The noise from VCO as given in the second term of (3.21) is of high-pass
transfer characteristic. Therefore, the noise from VCO is suppressed inside the loop

bandwidth and dominates the PLL phase noise beyond the loop bandwidth.

The third term of (3.21) is the noise contribution from the loop filter. It can be
seen that if Kyco is large, the noise contribution from loop filter become serious. The

only noise source in a loop filter is the thermal noise from the resistor R1 as shown in
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Fig. 3.5. The noise from loop filter and the controlled node is passed through the
band-pass transfer function. Thus, it is important to maintain low noise contribution
from loop filter to the PLL output both at small offset frequency and at large offset

frequency.

3.3 CIRCUIT REALIZATION

The proposed 60-GHz third-order type-II CMOS PLL that is composed of VCO,
ILFM, 1/32 frequency divider, PFD, CP, and loop filter is shown in Fig. 3.7. The
reference signal with the input power of 0 dBm and the frequency f;.r from 331.5 MHz
to 362.5 MHz is fed from the external signal generator. The output frequency (5/our)
with the frequency range from 53:04 GHz t0.58.0 GHz, which is five times the VCO

output frequency (f,u:), s generated by the IEEM.

3.3.1 VCO and Injection-locked Frequency Multiplier

The circuit diagram of both VCO and ILFM is shown in Fig. 3.8 where the
dimensions of the devices are listed in Table 3.1. The VCO is made of a cross-coupled
pair Mycoi/Mvycoz to generate negative resistance for the compensation of the loss
from LC-tank. An on-chip spiral inductor Lyco; with symmetric structure and
accumulation mode MOS varactors Cycoi/Cvco2 are used in the VCO design.
Cvco1/Cycoz has the higher quality factor compared with pn-junction varactors. The
poly-resistor Ryco; is designed for a proper bias condition of the cross-coupled pair.
The utilization of resistor instead of PMOS current source is attributed to its
free-of-flicker-noise property [76]. Hence, the output phase noise of VCO can be

improved.
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The schematic of the proposed ILFM can be divided into two stages [25]. The
first stage is the frequency pre-generator stage and the second stage is the
injection-locked oscillator (ILO) stage. The input signal from VCO is injected into the
frequency pre-generator stage. The function of the frequency pre-generator stage that
generates the fifth-order harmonic of the input injection signal is implemented by
Miemi/MiLemz. The conversion gain of the frequency pre-generator can be maximized
by selection of an appropriate gate bias value of My pvi/MiLpmz Viias. In addition, the
locking range of the ILFM can be increased by an increase of the conversion gain of

the frequency pre-generator [25].

The signal generated by the frequency pre-generator is directly transmitted into
the ILO stage formed by My rm3/MiLpvs and a symmetric spiral inductor Ly pmi. The
value of the inductor Ljpm; i8 choseniso'.that. it can resonate with the total
capacitances at the drain of My pms/MiLpma at the fifth-order harmonic frequency of
the input frequency. My pvs/Mipma 18 used to-generate negative conductance to cancel
the loss of the LC-tank for free-running oscillation of the ILO stage and to make the
output signal differential. The resistor Ry pm; is designed for the improvement of the

harmonic rejection ratio (HRR) at every undesired even-order harmonic [25].

Because the output frequency is higher than the transition frequency fr of the
device, the open-drain output buffer is not suitable in this design owing to the poor
property of the device. A source follower is chosen as the output buffer for testing
purpose. The simulated voltage loss of output buffer from 50 to 66 GHz is shown in
Fig. 3.9. The loss form output buffer is higher than 16 dB within the desired
frequency range. The length of the interconnection metal line from the ILFM output
to the testing pad is around 70 pm. To avoid the frequency shift, the characteristic of

this metal line is simulated by the 3D EM CAD tool High-Frequency Simulation
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Software (HFSS). Finally, Mpymmy is designed to provide a balanced-load for ILFM

outputs.

Fig. 3.10 shows the HSPICE simulated normalized fifth-order harmonic currents
L4s/Tamax Of the frequency pre-generator where I4s is the magnitude of the output drain
current at the fifth-order harmonic frequency, lgmax 1S the magnitude of the output total
drain current, and conduction angle Ocox is the device turn-on angle within one period
of the input signal. The simulation condition involves a 12-GHz input signal with
4-dBm input power and a NMOS with dimensions of W/L = 18 um/0.18 um. Because
of the parasitic capacitances of the NMOS from gate-drain and drain-source, those
undesired ac currents through gate-drain and drain-source are included in the output
drain current Igmax and Igs. It can be seen from Fig. 3.10 that the normalized harmonic
current curve is not the same as’the ideal switch condition in [71]. In the proposed
ILFM, the devices M3/M4 petformed as the frequency pre-generator function are
biased at a conduction angle Ocon 0f+230% for-higher frequency conversion efficiency
while maintaining the oscillation of the ILO. Finally, the value of Vpias can be
calculated by a given input power, the device threshold voltage, and a suitable

conduction angle [71].

3.3.2 Frequency Dividers

The 1/32 frequency divider is composed of the four-stage CML divide-by-two
dividers and one-stage digital static-flip-flop-based divide-by-two divider. The CML
divider [77] is made of a master-slave D-type flip-flop (DFF) with the output terminal
(Q) connected to the input terminal (D) in inverted polarities. The CMOS CML
divider has been demonstrated to have high-speed operation with low power
dissipation because the full swing for internal operation is not required [77]. The

schematic diagram of master and slave latch is shown in Fig. 3.11(a) where the
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dimensions of the devices are listed in Table 3.2. In the latch circuit, the sense stage
consists of transistors Mcmri, Memes, and Memrs whereas the latch stage comprises
the transistors Mcmiz, Memes, and Memrs. In order to increase the operational
frequency, the output load is chosen as the poly-resistors Remri/Remrz for smaller
parasitic capacitance instead of PMOS load [45]. Each CML divider stage is
optimized at its operational frequency by changing the device ratios of sense stage

and latch stage.

Because a full swing input for PFD is required, the last stage of the 1/32
frequency divider is designed as the digital-type frequency divider. The divide-by-two
divider comprises two ring-connected D-latches. The circuit diagram of the digital

static divider is shown in Fig. 3.11(b).

3.3.3 Phase Frequency Detector, Charge Pump,-and Loop Filter

PFD is designed to detect both-phase-and frequency difference between the
reference signal and the output signal of the frtequency divider. The PFD state diagram
is shown in Fig. 3.12(a). The operation principle of PFD is to detect the rising edge of
signal A and B. If the rising edge of A is arrived before the rising edge of B, output Qa
is set to charge the VCO control voltage. In the difference scenario, if the rising edge
of B is arrived before the rising edge of A, output Qg is set to discharge the VCO
control voltage. The timing diagram of PFD is shown in Fig. 3.12(b). The circuit
diagram of PFD [78] is shown in Fig. 3.13. The true-single-phase-clock (TSPC)
dynamic DFF is used for hundred-MHz frequency operation in the PFD circuit
implementation. A slow NOR gate is used to generate the reset signal (Vrgsgr) for
reducing the dead zone problem. Additionally, in order to reduce the skew between
the complementary output signals, (UP/UPB) and (DN/DNB), complementary
pass-transistor gates are used to match the delay of an inverter in the output of PFD.
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The circuit diagram of charge pump [79] and loop filter is shown in Fig. 3.14. A
simple current-switched charge pump is used. Switches Mcps; and Mcp4 are turned on
at every phase comparison and may create the ripple on the control voltage (V¢).
Mcp; and Mcp; are used to decrease the charge injection and clock feedthrough from
Mcps and Mcps to the output node (V¢) [80]. The small bandwidth of loop filter is
designed to reduce the effect of non-ideal property of switches. Because there is no
current-matched technique in the CP design, the reference spur is stronger than that

with current-matched technique.

In the loop filter design, all the passive components are implemented by the
on-chip elements. The vertical metal-insulator-metal capacitors (MIMCaps) are used
to realize the capacitors C1 = 19.98 pF .and C2 = 2.67 pF with reasonable chip area.

The resistor R1 = 11.4 kQ is madé of poly=resistor.
3.3.4 Simulation Results of Phase-locked Loop

The simulated locked ILFM output.waveform after output buffer is shown in Fig.
3.15(a). The simulated output power at the fifth-order harmonic is -12 dBm with
frequency of 59.5 GHz as can be seen from Fig. 3.15 (b). The simulated phase noises
of VCO output and ILFM output with the frequency offset from 10 kHz to 100 MHz
are shown in Fig. 3.16. The phase noise differences between VCO output and ILFM
output at 10 kHz, 1 MHz, and 100 MHz offset are 14.01 dB, 14.03 dB, and 16.5 dB,
respectively. If the noise contribution from the frequency pre-generator is negligible,
the output phase noise is 13.98 dB [=10log (59)] higher than that from the input signal
with a small frequency offset (3.7). Therefore, the noise contributions from the
frequency pre-generator to the output phase noise at 10 kHz and 1 MHz are 0.03 dB

and 0.05 dB, respectively.

895



The tuning range of VCO is from 10.79 to 12.17 GHz with the control voltage
V¢ form 0 to 1.5 volt as shown Fig. 3.17. The simulated VCO output waveform and
output power spectrum with control voltage of 1.3 V are shown in Figs. 3.18(a) and

3.18(b) respectively. The output amplitude of VCO is around 573 mV.

The simulated waveforms of charge pump in charging mode in shown in Fig.
3.19. It can be seen from Figs. 3.19(a) and (b) that the rising edge of the reference
clock is before that of the divider output. Therefore, charge pump charges the control
voltage V¢ as shown in Fig. 3.19(c) for increasing the frequency of divider output
until the rising edge of the divider output is the same as that of reference clock. On the
other hand, the simulated waveforms of charge pump in discharging mode in shown
in Fig. 3.20. Because the rising edge of the divider output is before that of the
reference clock, charge pump discharges thé, control voltage V¢ to decrease the

frequency of the divider output.

The simulated timing diagrams.of the VCO and four stage CML divide-by-two
frequency dividers are shown in Fig. 3.21. The amplitude of each divide-by-two
frequency divider is increased with the decrease of the operational frequency. The
timing diagram of the digital divide-by-two frequency divider is shown in Fig. 3.22.

The output amplitude is reached to full-swing for PFD operation.

Finally, the simulated settling time of the close-loop PLL with reference
frequency f,.r of 360 MHz is shown in Fig. 3.23. The settling time is around 1.2 us for
stable output control voltage V. The overall circuit of the proposed PLL is shown in
Fig. 3.24 where the dummy MOS in CML frequency divider block is designed for
balance output waveform. In Table 3.3, the summary the post-simulation of the PLL

1s listed.
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3.4 EXPERIMENTAL RESULTS

The proposed 60-GHz PLL is designed and fabricated by using 0.18-pm Al
IP6M standard CMOS technology with ultra-thick metal of 2 pum. The chip
microphotograph of the proposed PLL is shown in Fig. 3.25 where the chip area
including all the test pads and dummy metal is 0.96 mm x 0.84 mm. An on-wafer
measurement system incorporating a probe station, GSG coplanar probes, and
high-speed cables is used to measure chip performance. Because the VCO output load
including the ILFM and the frequency divider is large, the output signal from VCO is
not directly connected to the testing pad. In order to check the function of the
low-frequency PLL, the output signal from the first divide-by-two divider is
connected to the testing pad. The,measurement setup for 60-GHz PLL testing is

shown in Fig. 3.26.

Due to the inaccuracy extraction.of parasitic resistance and long cable line from
power supply to test chip, the fabricated 60=GHz PLL can not worked under the
supply voltage of 1.5 V. As the supply voltage is increased to 1.6 V, the function of the
PLL is worked. Thus, the supply voltage is shift to nominal voltage 1.8 V of the

0.18-um CMOS technology.

The total power dissipation of the fabricated 60-GHz PLL is 35.7 mW at a power
supply of 1.8 V. The measured output spectrum of the locked ILFM is shown in Fig.
3.27 where all the losses from probe, cable, adaptors, and external harmonic mixer
have been de-embedded. It can be seen from Fig. 3.27 that the proposed PLL structure
provides the output power of —37.85 dBm with the output frequency of 58.0 GHz and
362.5-MHz reference frequency f.., which is higher than the transition frequency f7.

The output phase noises marked at 1 MHz and 10 MHz are measured as shown in Fig.
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3.28. The measured output phase noises at 1 MHz and 10 MHz offset from the carrier

are —85.2 and —90.9 dBc/Hz, respectively.

Because of the large conversion loss from the external harmonic mixer and the
small output power from the fabricated chip, the high-resolution setup for the
spectrum analyzer is required in the reference spur measurement [22]. To reduce the
time-cost of the high-resolution setup, a V-band (low-noise amplifier) LNA is added
before the external harmonic mixer. The output power to the spectrum analyzer is
therefore large enough to reduce the resolution requirement. The measurement setup
for output reference spur testing is shown in Fig. 3.29. As can be seen from the
measurement results in Fig. 3.30, the measured reference spur level is —40.16 dBc.
Because of the cross-product between, output frequency and reference spurs in the
frequency pre-generator stage, the frequency-offset.between the carrier and the spur

tone is therefore the same as the reference frequency.

The performance of the first:divide-by-two frequency divider is also measured.
The measured output power of —16.55 dBm at 5.8 GHz output frequency is shown in
Fig. 3.31. The measured phase noise of the first divide-by-two frequency divider
output from 100 Hz to 100 MHz is shown in Fig. 3.32. The measured output phase
noises at 100 kHz, 1 MHz, and 10 MHz offset from the carrier are —102, —108,
and —121 dBc/Hz, respectively. The phase noise difference between the ILFM output
and the first divide-by-two frequency divider output at 1 MHz offset is 22.8 dB which
is 2.8 dB higher than the theoretical limit 20 dB [=10log(10?)] as can be seen from Fig.
3.28 and Fig. 3.32. The output waveform of the divider is tested by the high-speed
oscillator. It can be seen from Fig. 3.33 that the output amplitude is around 50 mV

with cable and adaptor losses.

Because the measured output power is much lower than that in the simulation
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result and the output frequency range is larger then that in the simulation result, the
measurement for only ILFM is executed. To further discuss the performance of the
ILFM, a laser cut is executed to turn off VCO shown in Fig. 3.34. Without the input
signal from VCO, the performance of the free-running ILFM can be measured. It can
be seen from Fig. 3.35 that there is no free-running output signal of ILFM. Therefore,
the performance of ILFM is like the conventional frequency multiplier with high
quality factor LC-tank as a load. Because the operational frequency of ILFM is higher
than device transition frequency and the valid frequency of device model is not
covered the entire frequency of interest, the models for active devices are not

accurate.

In Table 3.4, the recently-published CMOS FS’s and PLLs worked at the V-band
are compared with the proposed.PLL. Ilt'can.also be seen that the proposed PLL can
operate with lower dc power consumption.-and better phase noise. Because the CP is
not current-match structure and larger VCO-gain in'this work, the reference spur is not
as good as in the pervious work. In ‘addition, due to the operational frequency is
higher than the device transition frequency of 180-nm device in the output buffer, the
output power level is only —37.85 dBm. Finally, this design is the first CMOS PLL

integrated with the ILFM in the millimeter-wave band.

3.5 SUMMARY

The proposed PLL integrated with the novel CMOS ILFM for 60-GHz
applications is designed and fabricated using 180-nm standard CMOS technology.
The proposed ILFM circuit is introduced to multiply the frequency by five times and

successfully co-designed with a low-frequency PLL. As can be seen from the
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measurement results, the ILFM has a great potential in the applications of LO signal
generators for high-frequency PLL design. In addition, the maximum operational
frequency of the frequency divider in a PLL can be reduced to only one-fifth by use of

the proposed ILFM.

The recently published CMOS FS’s and PLLs [81]-[91] are shown in Fig. 3.36.
The total power consumption is increased as the operational frequency is increased.
The proposed PLL can be operated with lower power consumption and higher
operational frequency. The output powers for recently published CMOS FS’s and
PLLs are shown in Fig. 3.37. Due to the poor device performance and without
free-running output, the proposed PLL provides smaller output power as compared to
the expected output power. Finally, since it s feasible to design a high-performance
VCO at low frequency and to .Save theélarge. power consumption from full-speed
frequency dividers, the proposed PLL structure provides a solution to the low-power

and high-performance PLL for 60-GHz.applications:
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Table 3.1
Dimensions of devices in VCO and ILFM.

Device Dimension

Mvecot / Myco2 (15 pm /1018 pm)x 8

Micem1 / Mitemz | (1.5 pm / 0.18 pm)x 20

MiLrmz | MiLEma (15 pm 10.18 [.l,m)x 10

Mgur (1.5 um/0.18 pm)x 4

Cvco1 /! Cvcoz (25 pm 10.5 },I.m)’< 10

Metal width =9 um

Lvcor Radius = 36 pm
Turn=3
Metal width =9 um
LiLrm1 Radius = 30 pm
Turn =1
Rveot 259.3 Q
RiLrm 68.8 Q
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Table 3.2

Dimensions of devices in four stage CML divide-by-two frequency dividers.

1st stage divide-by-two divider 2nd stage divide-by-two divider
Device Dimension Device Dimension
Mcwma (1.5 pm / 0.18 pm)x 12 McmLa (1.5 pm / 0.18 pm)x 10
McwmLz (1.5 um / 0.18 pm)x 4 McwmL2 (1.5um/0.18 pm)x 5

IVICML3 / IVICML4

(1.5 um / 0.18 pm)x 12

IVICMLS / IVICML4

(1.5 um / 0.18 pm)x 10

IVICML5 / IVICML6

(1.5 pm / 0.18 um)x 4

IVICML.‘:’: / MCMLS

(1.5 um / 0.18 pm)x 5

Remut / Remez

716 Q

Remet / Remez

876.6 Q

3rd stage divide-by-two divider 4th stage divide-by-two divider
Device Dimension Device Dimension
McmL (1.5 um/0.18 um)x 3 McmLi (1.5 um / 0.18 um)x 2
McmL2 (1.5 um/ 0.18 um)x 5 Mcmi2 (1.5um/0.18 um)x 5

Mcwmis / Memis

(1.5 pm/ 0.18 pm)x 3

Mcms / Memis

(1.5 pm / 0.18 pm)x 2

IVICMLS / MCML6

(1.5 pm/ 0.18 pm)x 5

IVICMLS / MCMLG

(1.5 um/0.18 pm)x 5

1385 Q

RCML1 / RCMLZ

RCML1 / RCML2

1385 Q
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Table 3.3

Summary of the post-simulation results.

Post-Simulation
Frequency Range _
(GHz) 59.0 - 60.5
Reference
Frequency (MHz) S I
VCO Gain
(MHz/Volt) ~ 1000
Phase Noise ILFM : -94.77
@ 1 MHz (dBc/Hz) VCO : -108.08
Loop Bandwidth -5
(MHz)
Settling Time
(nsec) <1500
Power ILFM 5.2
Consumption (mW) VCO 3.8
Dividers 9.2
PFD & CP 0.9
Total 19.1
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Table 3

4

Comparison with recently published V-band CMOS FS’s and PLLs.

Ref. This Work [28] (2912 [30] [31]
Technolo 180-nm 130-nm 90-nm 90-nm 90-nm
9% | cmos CMOS CMOS CMOS CMOS
Frequency | -5 580 |49.5~50.5|58.0~60.4 | 61.1~63.1 | 73.5 + 0.32
(GHz)
Reference
Freq, (MHz) 350 50 234 60 2340
Phase Noise | - 85.2 ~72.0 _85.1 - 80.1 _88.0°
dBc/Hz 1 MHz 1 MHz 1 MHz 1 MHz 100 kHz
@
Reference
Spur (dBe) ~402 |-27~-40| -505 ~49.0 ~72.0
Output ~ B ~ B ~
Power (dBm) 37.85 13.86 22.0 7.0 27.06
Supply
Voltage (Volt) 1.8 1.5 1.2 1.2 1.45
Power (mW) 35.7 57 80 78 88
Chip Area
(ram x mm) | 0-96 % 0.84 | 1.16 x 0.75 | 1.00 x 0.95 | 1.20 x 0.70 | 1.00 x 0.80

a This work is a frequency synthesizer for a fair comparison.
b This value is estimated from divider output.
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Fig. 3.20 Simulated waveforms of (a) reference clock, (b) divider output, and (c)

control voltage of VCO with discharging mode of charge pump.
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Fig. 3.23 Simulated waveform of control voltage V¢ in close-loop simulation.

111



adp 10y SUNDIID
uo13oajo.d as3

JapIAIp Aouanbauy D

=
giﬂ
| a)o

mei  HE

no
™A

VV-VVV

d9)14
dooT

§

dwngd abaeys

~ T

NG

J19pIAIp Aouanbauy [eubig
il ® a0 T o[£
TiiTiiD = =
222
© e e - -
> > > MO apmo
i3 3 iim xR 1E g d
2L 1k il |
= 1y

ELELEL . E, Lt L
= = = a0 30
= = =
TRENTRENT)

[enualayiq o3 3buig

+

Jlm add

i

s
]

]

L LETt

i

T, T

EEYEE
T4 T

L

L L& 11

JEE

O
2]

kw\_

Fig. 3.24 Circuit diagram of the overall PLL.

112



,cooa:‘qool;.c‘ - TP IPFIVPee
ot nand e i) ] L ‘ L AR assavanar
‘oﬁq&.ne;r-oo . L Phbadasnras
tJodvohllp..po : ‘.~¢aa-‘a-n'

2 L ) --~>~----~-—- 'o-o-'ahooooo‘ t-.¢..¢’~~—-«\-o-~—‘~--¢aah'
fanaon AP dhwonensaan avennal

l-...- !-—‘.O.n.‘oioq‘.‘o..p..‘ l

‘oq.d' .o.a‘o....la«ooloaahaphw .“".4 =

Yeddde InaVasebosarstatiifasnses afrrhen

losnen KR et R R ————— e }-cp-.oc
l-g.‘.l‘.J - Raod'y - : dandedp
‘opaah -r | Q»o’o ‘no:a-»ooaooa‘
fmooe b Fanda ta..oqaaaqan.‘

st M LR ] . Jhsew
\4.--4’Lct‘~§ooo.-:
lAa~“ sA A s aredrary
fordes d
a..ana

— —
uunplll._~

pR e ban'd>ans

[
34
[l

“o.‘-u‘p'-.a-.-..'
Insdoqbonanosrsstar

e e
le'asns

,r—i{'*—m

= '“'_}
:

G e

LY
2o

——— e ——— L s

FIO B RASINI BN
SBOPVWIERIENVES

N
-
-
»
-
-
-

:
}

\‘ L
SR SSS

- e

et e el .t

fee ,‘c 10 4n — -~ - M‘“vydl‘l.q‘.;ﬁ
;::{ BEl j‘ r; T If l f@ @ i
LR ] \ l-\\,‘ﬂ-lvll

RSB SARS s ANADANLS
BARSF LA PN A Y

j : L ..-.---.-aa.r.rj\
!

.

|

Fig. 3.25 Chip microphotograph of the proposed 60-GHz PLL (0.96 mm x 0.84 mm).

113



J19zAjeuy wnioadsg
V83 Jus|iby

Jojesauarn) |eubig
a.lszge3d ua|iby

99] seig

— TI
ZH 999-10S M
nsjIuy _

Jun Juswainses|p
92Inog 9¢Z As|y)iay

JaXIN-umoqg

AOL6LL
Jua| by

L

Fig. 3.26 Measurement setup for 60-GHz PLL testing.
114



Ret -2 dBm

Eut Mix

Mkrl 55.008 04 GHz
-37.85 dBm

Morm
Lo

18
dE/

LaRw

Hl Szwuv'_r"‘"—

33 FS

ﬁfﬁ] Marker

sio 158.000040000 GHz
—37.85 dBm

Center 558,000 00 GHz
#Res BW 300 kHz

Span 58 MHz
Sweep 130 ms (1201 pts)

Fig. 3.27 Measured Output spec fum

B L

- j.

1z PLL with 362.5-MHz reference

a Mkrl 1.08 MHz

Ref —28 dBm Ext Mix Moise -85.16 dB/Hz
Ava |
o s
16
dB/ f/ \\!
.‘;.Lb‘/l l\"&m ol 2
ek g S T At o PR i
PAwva
W1 52
Center 558,000 00 GHz Span 21 MHz
#Res BW 300 kHz #BH 1 kHz Sweep 1726 ms (1201 pts)
Marker Trace Type * Awxig Amplitude
1R (13 Frag £8.088 A2 GHz -37.88 dBn(lHz>
1a c1y Freq 1.68 MH= -85.16 dB/H=
2R 13 Freg £5.888 A2 GHz -37.88 dBn(lHz)
28 (1 Freq 16.88 MHz -9A,39 dB/Hz

Fig. 3.28 Measured output phase noise marked at the offset frequency of IMHz and

10 MHz.

115



Agilent E8257D

Signal Generator QuinStar
% ek ~ V-band LNA
L1 S BT | ——

Agilent E4448A
Spectrum Analyzer

Agilent
11970V
Down-Mixer

Fig. 3.29 Measurement setup for the reference spurs testing.

a Mkrl -360 MHz

Ref —18 dBm Ext Mix -40.16 dB
Morm
Lo
18
dB/ e
LaRw
1
Wl 52
53 FC
A
£
F%uj;] Marker a
sio [-359.700000 MHz
~40.16 dB
Center 57.552 GHz Span 1 GHz
#Res BH 2008 kHz #\JBH 240 Hz Sweep 16.24 5 (1201 pts)

Fig. 3.30 Measured reference spurs as the reference frequency of 359.7 MHz.

116



Mkrl 5.608 84 GHz
Ref @ dBm Atten 18 dB -16.55 dBm

Morm
Lo

18
dB/ 7’

LaRw

Wl 52

33 FS

£0f

.. |Marker el
e |5.800040000 GHZEM

-16.55 dBm " "' M a T

Center 5800 80 GHz Span 58 MHz

#Res BH 360 kHz #UBHJil_kHZ Sweep 21,28 ms (1201 pts)

~..
4

Ref -58.00dEc/Hz
10,60
dE/

168 Hz Frequency Offset 168 MHz

Fig. 3.32 Measured phase noise of the first divide-by-two frequency divider.

117




g_
i
]
i
j

-'g

¥

10midiv © Time780ps/div | T
200 g De‘r'a"'ilt-gﬂﬁﬂ&}ﬁ's-

Fig. 3.33 Measured output waveform of the first divide-by-two frequency divider.

118



Fig. 3.34 The miérophotog
e

= |

E N

Ret =18 dBm

Eut Mix

Morm
Lo

18
dE/

LaRw

Wl 52

33 FC

£0f
FTun
s10

Center 55,00 GHz
#Res BH 108 kHz

#YBH 30 kHz

Span 18 GHz
Sweep 2,757 5 (1201 pts)

Fig. 3.35 Measured the output spectrum of the free-running ILFM.

119



Output Power (dBm)

Power Consumption (mW)

100

Qo
o

D
o

N
o

N
o

m 180-nm CMOS R
o 130-nmCMOS| o
- A 90-nmcmos B3] A
ST . [29]
 [87]*m[88]"* | iy
©'aq
mo [28]
| 186] o)
EEREE L R
: [3.1]‘ 01] This Work
= Bo
‘[QIO]‘
1 10 100 200
Output Frequency (GHz)

* These designs are frequency synthesizers.

Fig. 3.36 Power consumption as‘a function of output frequency.

0

L
o

-40

® 180-nm CMOS
o 130-nm CMOS

&71 Mg

ko]

A 90-nm CMOS ,

3
.]

¥

[88]

ﬁ 1 BN
- This Work

1281
[o] ;|

[%3]

ASIimM) -
: ‘9""’ B
- [29]

Y
[31]

- This Work

(Meas)
-

10

100 200

Output Frequency (GHz)

Fig. 3.37 Output power as a function of output frequency.

1

20



CHAPTER 4
60-GHZ CMOS DIRECT-CONVERSION
RECEIVER FRONT-END WITH
INJECTION-LOCKED FREQUENCY TRIPLERS

In this chapter, the design of low-power 60-GHz CMOS direct-conversion
receiver front-end is described. The proposed direct-conversion receiver can be
operated with 20-GHz frequency synthesizer because injection-locked frequency
triplers (ILFTs) [25] are used for 60-GHz local oscillator (LO) signals generation.
Injection-locked oscillators (ILOs):*have the, superior properties of frequency
stabilization and high gain amplification: with a natrow bandwidth [26]. Therefore,
frequency multiplier integrated with ILO can be the solution to the large power
consumption of conventional fréquency multiplier in [18]-[19] because it can be
operated for signal amplification with small power consumption. Finally, the proposed
direct-conversion receiver provides the advantages of high integration, low power

consumption, and small chip area.

In Section 4.1, the receiver system design considerations are described. The
proposed architecture of direct-conversion receiver front-end that takes advantage of
ILFT to reduce the overall power consumption is given in Section 4.2. Section 4.3 is
presented the building blocks of the proposed receiver including low-noise amplifier
(LNA), down-conversion mixer, quadrature voltage-controlled oscillator (QVCO),
ILFT, intermediate-frequency amplifier (IFA), and output buffer. The experimental
results are shown in Section 4.4. Finally, the conclusion and summary are given in
Section 4.5.
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4.1 SYSTEM DESIGN CONSIDERATIONS

Due to the required system specifications and the trend of advanced CMOS
technology, some system design parameters become the important challenges for

millimeter-wave CMOS receiver front-end design.
4.1.1 Noise Figure

The noise performance of the receiver front-end defines the sensitivity of the
receiver front-end by limiting the lowest input RF power that can be detected with a

reasonable data error rate by the receiver. The noise factor (F) is defined as

)
N input Noutput

F = =
(S) GaNinput (4 1)
output

N

where (S/N)inpus and (S/N)oupus are the signal-to-noise-ratio (SNR) at a system of input
and output, respectively; G, is the available power gain; and Ny and Ny are the
total noise at the input and output of a system, respectively.

In general, Nyu;u can be expressed as

Noutput = GaNinput + Nsystem (42)

where Njyqen 1 the total noise contribution from the system. It can be seen from (4.1)
and (4.2) that F’ can be decreased by increasing the available power gain of the system

G, and decrease the noise contribution from the system.

The performance of a cascade system with total stage of M as shown in Fig. 4.1
can be calculated by the Frii’s formula. The total available power gain (Gy) and

total noise factor (F},,) are expressed as
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total

=G, xG, x G3 xA xG,), 4.3)

EL ALy, Byl

F.. =K+
Gl GIGZ G1G2G3A GM -1

total

(4.4)

where G, and F), are the available power gain and F of the n-th stage, respectively.

It can be seen from (4.4) that the F,,,; can be minimized by either the increase of the
available power gain G; or the decrease of the F. Therefore, the first stage of the
receiver front-end is designed with minimum F and reasonable gain for lower system
F and higher system sensitivity. For this reason, it is important to have a low noise

amplifier as close to the antenna as possible.
Noise figure (NVF) in dB can be expressed as

NF =10log(F) (4.5)

The minimum input signal strength needed. to- produce a good quality output
signal is referred to as the recewer sensitivity..The sensitivity of the receiver can be

written as [92]

sen

P, =-174 dBm/Hz+10log(BW )+ NF,, + SNR .. (4.6)

where BW is the channel bandwidth in hertz, NFx is the NF of receiver front-end in
dB, and SNR,,;, is the minimum SNR for digital section.
The possible channel for 60-GHz application is 1728 MHz as shown in Chapter 1. By

substituting 1728 MHz to (4.6), we have

P, =-81.6 dBm/Hz+ NF,, + SNR__. (4.7)

It can be seen from (4.7) that the sensitivity for wide channel bandwidth can not be

too low due to large channel bandwidth.
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A simple for 60-GHz system is given as followed. By assuming that the
modulation is QPSK with bit-error rate of 10°® with additive white Gaussian noise
(AWGN) channel and the NF from receiver is 15 dB, it has the sensitivity of —55.6

dBm [=-81.6 + 15 +11].
4.1.2 P1dB and ITP3

Linearity is the criterion that defines the upper limit for detectable RF input
power level of the receiver. The linearity performance of a RF system is usually
determined by 1dB compression point (P1dB) and input-referred third-order intercept

point (IIP3).

The P1dB value is defined as the input power level at which the power gain is
decreased 1dB. The IIP3 is defined'as the input power where the output powers of the
fundamental and the third-order intermodulation are-equal. In many circuits the 11P3
is beyond the allowed input range, ithus-the practical method to obtain the IIP3 is
linear extrapolation on measured behavior forsmall input amplitude as shown in Fig.
4.2. In general, the IIP3 value is about 10 dB larger than the P1dB value for one stage

circuit.

The IIP3 of a cascade system can expressed as [92]

1 1 G GG,
= + + +A
1IP3 1IP3, 1IP3, IIP3,

(4.8)

total

where /IP3, and G, are the IIP3 and power gain of the nth-stage, respectively.
For gains greater than one, the total receiver linearity is dominated by the linearity of
latter stages. Thus, the linearity of the latter stages should be as large as possible to

maximize the gain of the whole system.

As compared with (4.4) and (4.8), the power gain of first stage is increased to
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reduce the NF of the total system. However, the linearity of the system is decreased
due to the large gain of first stage. As a result, an adjustable or switched gain of first

stage is designed to meet the NF and linearity.

The advanced CMOS technology is required for 60-GHz transceiver design.
However, the power supply voltage is decreased as the minimum channel length of
CMOS technology decreases. In other words, the system linearity becomes worse

while using advanced CMOS technology.
4.1.3 Link Budget Analysis

Link budget analysis is an important design issue for wireless communication
system [93]. A link budget is the accounting of all of the gains and losses from the

transmitter, communication medium in a telecommunication system.

The free-space path loss (Lp) can be expressed as

47sz
(4.9)

LP =20 IOg[T

where d is the distance between transmitter and receiver and A is the wave length of
the carrier frequency.

It can be seen from (4.9) that the path loss is increased as the increase of carrier
frequency. For 60-GHz wireless communication system, the path losses are 68 and 88

dB for the distance of 1 and 10 m, respectively.
The power level at the receiver input can be written as
P=P+G,+G. -L, (4.10)

where P, is the power at the receiver input in dBm, P; is the delivered power by the

transmitter, and G, and G, are power gain of the transmitter and receiver antenna,
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respectively.

Assume that the maximum transmit power at the transmitter output is 10 dBm,
the antenna gain in the transmitter part is 9 dB, the shadowing loss is 10 dB, the
receiver antenna gain is 9 dB, and the distance between receiver and transmitter is 1 m,
the received power level at the receiver input is —50 dBm in a 60-GHz communication

system.

From (4.6), the minimum power level that is detectable is —55.6 dBm if the
modulation is QPSK with bit-error rate of 10°® and the NF from receiver is 15 dB are
assumed. Detail system parameter is listed in Table 4.1. In summary, the available
margin for SNR is only 5.6 dB. If the distance between transmitter and receiver is
increased to 10 m, the signal level can,not be detectable. Therefore, the secure

communication in 60-GHz band i$ provided by large signal path loss.

4.2 ARCHITECTURE AND OPERATIONAL PRINCIPLES

The proposed CMOS direct-conversion receiver front-end consisting of LNA,
I/Q quadrature down-conversion mixers, 20-GHz QVCO, two ILFTs, two IFAs, and
two output buffers is shown in Fig. 4.3. Because the quadrature LO signals are
generated by the 20-GHz QVCO cascade with I/Q ILFTs, the symmetric layout floor
plan is required for minimization of phase and magnitude error from the quadrature
LO signals. In addition, due to the limited performance of active and passive devices
at 60 GHz, it is easier to design high-performance QVCO at 20 GHz rather than at 60

GHz. Consequently, this approach can provide higher purity of the LO signals.

The RF input signal Vgr is amplified by the LNA. The I/Q down-conversion

mixers are followed by the LNA. By mixing with LO signals provided by the ILFTs
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and the QVCO, the frequency at mixer output is translated to zero-IF. The extra gain
is given by the IFAs, and the output buffers are designed for test purposes to drive the

50-ohm loads.

According to the system design consideration for receiver front-end, the target
specifications for the proposed 60-GHz direct-conversion receiver front-end are listed

in table 4.2.

4.3 CIRCUIT REALIZATION

4.3.1 Low-noise amplifier

The key performance requirements of the 60-GHz LNA are power gain, noise

figure, linearity, stability, impedance 'matching, power dissipation and bandwidth.

The circuit diagram of LNA consisting-of two-stage amplifiers is shown in Fig.
4.4. The first stage is implemented by a common-source (CS) amplifier with inductive
source degeneration for minimum NF design consideration. The elements
Tinai—Tinas and Mina; form the input matching network for matching to 50 ohm
impedance from the antenna and achieve the better noise matching in the meantime
[94]. The ac coupling capacitor between the two stages of the LNA can exhibit the
signal amplitude divider, and the caused signal amplitude division would reduce the
total voltage gain of the LNA. The effect of signal amplitude division can be
minimized by using a large ac coupling capacitor. However, too large vertical
metal-insulator-metal capacitor (MIMCap) suffers from large bottom-layer parasitic
capacitor. Hence the My na» is designed to generate a proper gate bias value of Myna3

to avoid the usage of ac coupling capacitor. The selected value of Cyna» is chosen as
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large as possible to filter out the noise contribution from Mpnao.

The second stage of LNA constructed by Mina3/Minas, Tinaa/Tinas, and Crnasz
is implemented as a cascode amplifier for high isolation capability between input and
output to suppress the LO leakage to the antenna. In addition, the cascode transistor
Minas 1s used to reduce the Miller capacitance and to improve the stability. Because
the pole frequency at the drain of Mjnas on the order of f7/2 [8] is lower than the
desired frequency, it causes that both the noise contribution from Minas and extra
signal current leakage into ground can not be negligible. Shunt peaking inductor
Tinas 1s applied to resonate with the total capacitances at the drain of Minasz [61].
Therefore, the effects from the pole at the drain of Mina3 can be minimized. In
addition, the noise contribution from Mynaa.can be also reduced by the increase of the

impedance at the drain of My nas.

Microstrip transmission lines are extensively used in this design for impedance
matching, on-chip inductor, and“bias networks.”All transmission lines (T-lines) are
kept as short as possible to minimize the signal loss and of mender structure to reduce
the chip area. The characteristics of those T-lines are simulated by the 3D EM CAD

tool High-Frequency Simulation Software (HFSS).

4.3.2 Down-conversion mixer

In the direct-conversion receiver architecture, high gain in the RF section is
required to minimize the effect of flicker noise contributed from the IF section.
Therefore, active mixer with the positive conversion gain is a better choice rather than
passive mixer even though passive mixer can provide the capability of higher linearity

and operate without dc power consumption [95]-[96].

The simplified schematic of down-conversion mixer in this design is shown in
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Fig. 4.5 [97]. The input transconductance stage is composed of Myx;. Capacitor
Cwmixi 1s designed to make the currents of the input stage and the switching stage
consisting of Myx2 and Myxs can be operated separately. Hence more current can be
used for driving the input stage to increase the conversion gain of the mixer. The
current through the switching stage controlled by the current sink Igjas; is selected for

lower flicker noise contributed from Myx, and Myixs to the mixer output [98].

Owing to large parasitic capacitance at the drain of Myx;, the transmission line
type inductor Tyx; is chosen to resonate with the capacitance for gain improvement.
The output loads are implemented by poly resistors Ryix; and Ryxz to avoid flicker
noise. The ac coupling capacitor between LNA and down-conversion mixer is not

required because the drain voltage of Myxi.is.close to supply voltage.

4.3.3 Quadrature voltage-controlled oscillator and injection-locked frequency

triplers

The circuit diagram of the QVCO:is shown in Fig. 4.6 [99]. The 20-GHz QVCO
is composed of two mutually coupled identical VCOs marked by the dashed squares.
Each VCO is made of a cross-coupled pair, Mycoi/Mycoz and Myco3/Mycos, to
generate negative resistance to compensate the losses of LC-tanks. On-chip spiral
inductors Lycoi/Lvcoz with symmetric structure and accumulation mode MOS
varators Cycoi—Cvcos With higher quality factor compared with pn-junction diode
varactors are used in each VCO design. Poly resistors Ryco; and Ryco, are designed
for proper bias condition of the VCO and the utilization of resistors instead of PMOS
current sources are attributed to their free of flicker noise property. In final, transistors
Mycos—Mvcos form the even-stage ring oscillator to generate the quadrature phase

outputs.
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The output phases of QVCO are strongly dependent on the device matching
performance in the even-stage ring oscillator. The simulated output phase imbalance
with 10-% channel width mismatch of transistor in the even-stage ring oscillator is
shown in Fig. 4.7. The phase imbalance of QVCO outputs are from 1.65° to 2.47°
with the control voltage V¢ from 0 to 1.2 V. Therefore, careful layout plan is

important to reduce the phase imbalance effect from device process variations.

The circuit diagram of the ILFT used in the proposed direct-conversion receiver
is shown in Fig. 4.8. According to the analysis in [25], the schematic of the ILFT can
be divided into two stages for different purposes. The first stage is the frequency
pre-generator stage and the second stage is the ILO stage. The input signal (Iyvco)
from QVCO is injected into the frequency pre-generator stage, and function of
frequency pre-generator that genérates third=etder harmonic of input injection signal
is implemented by My rri/Mipra. The proper gate bias value of Mipri/MiLrr2 Vibias
can maximize the conversion gain of frequency pre-generator for an increase in the

locking range of the ILFT.

The tripled-frequency signal generated by frequency pre-generator is transmitted
to the ILO stage formed by NMOS My rr3/Myrrs and a symmetric spiral inductor
Lirri. The selected values of inductor Lizrr; 1s chosen so that it can resonate with the
capacitances at the drain of My pr3/Mjrr4 at the third harmonic frequency of input
frequency, respectively. My rr3 and My g4 are used to generate negative conductance
to cancel the loss of LC-tank. Resistor Ry pr; is designed for improvement of the

rejection ratios to undesired even-order harmonics [25].

As shown in [25], the normalized locking range of the ILFT can be expressed as
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where , and Q are the resonant frequency and quality factor of the LC-tank in the
output of the ILFT, respectively; the coefficient a; is the nonlinear characteristic
property of third order term from frequency pre-generator; and V; and V, are the
incident and output amplitude, respectively.

The expression of the output amplitude can be written as

_a,G, H V. cos30

’ 41-G, H,) (@.11)

where G, is the transconductance stage of the ILO, H, is the impedance of the
LC-tank at their resonant frequency, and 4 is the phase difference between input and

output.

From (4.10), it can be seen that the locking range increases with an increase in
either the absolute value of the coefficient a3 in the frequency pre-generator nonlinear
characteristic function or the incident amplitude V; from QVCO. The quality factor
degradation of the LC-tank can also improve the total locking range but it causes a
decrease in the impedance of the LC-tank H,. In general, the coefficient a3 is

proportional to the conversion gain of the third-harmonic frequency pre-generator.

A summary of the design flow of the ILFT in this design can be decided. The
conversion gain of the frequency pre-generator and the incident amplitude from
QVCO are maximized for the maximization of the locking range. To further increase
the locking range of ILFT, it can trade off output voltage swing for large locking
range via the quality factor degradation of LC-tank resonator as can be seen from
(4.11). However, the latter approach causes the decrease in the conversion gain and

the increase in the noise figure in the down-conversion mixer [100].
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According to the previous design in Chapter 2, the locking range of ILFT is
around 1.5 GHz with reasonable input power. The frequency range is smaller than the
target frequency range of 6.48 GHz. Therefore, the increase of input amplitude from
QVCO and the LC-tank quality factor degradation are designed to increase the
locking range of the ILFT. Recently, the ILFT described in Chapter 2 has been
demonstrated with 9-GHz locking range by increasing the dc power consumption and

LC-tank quality factor degradation [23].

4.3.4 IF Amplifiers and Output Buffers

The circuit diagram of IF amplifiers and output buffers for I-channel is shown in
Fig. 4.9. IF amplifiers are implemented by two differential CS amplifier pairs with
passive poly-resistors as the loads fot smaller flicker noise. The extra gain from IF
amplifiers are designed to suppress the mnoise contribution from output buffers.
Additionally, because of theZlarge patasitic capacitor from output buffers, IF
amplifiers are designed to avoid mixer driving output buffers directly. The bandwidth
in the IF section is, therefore, increased. Finally, the unity-gain open-drain buffer is

used for output buffer to drive 50-ohm instrumentation.

4.3.5 Overall Circuits

The overall circuit of the proposed direct-conversion receiver is shown in Fig.
4.10 where the output buffer is not drawn. The device parameters of the whole receiver

are listed in Table 4.2.

The RF input signal Vgr is applied to the input nodes of the LNA. The LNA
amplifies the RF signal to provide reasonable gain to suppress the noise contribution
from the subsequent stages. The LNA output is connected to I/Q down-conversion

mixers. By mixing with LO signals (LO; and LOgq) provided by the ILFTs and the
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QVCO, the frequency at mixer output is translated to zero-IF. The extra gain is given
by the IFAs, and the output buffers are designed for test purposes to drive the 50-ohm

loads.

LO signals (LO; and LOg) are generated by 1/Q ILFTs by taking the third-order
harmonic frequency of QVCO output. The performance of ILFTs outputs are,
therefore, determined by the performance of QVCO. To get the better QVCO
performance, the ratio of better ratio of the cross-couple pairs (Mycoi—Mvcos) and

ring oscillator (Mycos—Mycos) is chosen [101].

4.4 EXPERIMENTAL RESULTS

The proposed 60-GHz direct-conversion ‘receiver front-end is designed and
fabricated using 0.13-um 1P8M Cu CMOS technology with ultra thick metal of 3.3
pum. The chip microphotograph ofithe proposed direct-conversion receiver is shown in
Fig. 4.11; the chip area including all the test pads and dummy metals is 1.21 mm X
1.03 mm. An on-wafer measurement system incorporating a probe station, GSG
coplanar probes, GSGSG differential coplanar probes, high-speed cables is used to
measure chip performance. The measurement setup for 60-GHz direct-conversion

chip testing is shown in Fig. 4.12.

The total power dissipation of the fabricated direct-conversion receiver is 31.0
mW under a 1.2-V supply voltage. The simulated and measured input return loss (S11)
at the RF port with the frequency range from 54 to 66 GHz is shown in Fig. 4.13. It
can be seen from Fig. 4.13 that the measured S11 is lower than —10 dB as RF
frequency is close to 60 GHz. The measured S11 is better than —8 dB with the

frequency range from 57 to 66 GHz.
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The measured output frequency of QVCO versus control voltage V¢ from 0 to
1.2 V is measured by the observation of the QVCO leakage from IF port. It can be
seen from Fig. 4.14 that the measured QVCO output frequency is shifted to lower
frequency around 2.5-GHz as compared with the simulated results. Because the model
of the two-turn symmetric inductor is calculated by the interpolation from one-turn
and three-turn symmetric inductors, the accuracy of the interpolation method is
verified by the 3D EM CAD tool HFSS. The 3D-view of the inductors and
interconnection metals are shown in Fig. 4.15. All active devices are removed and
replaced as a grounded metal. The HFSS EM simulation and measurement results of
QVCO output frequency versus control voltage V¢ from 0 to 1.2 V are shown in Fig.
4.16. The whole EM simulation result can be closer to measurement result with
frequency offset around 1 GHz. The 1-GHz frequency offset can be explained as the

process variations.

The simulated and measured. whole-receiver power gain and single-side band
(SSB) NF with RF frequency range of 51.5/GHz to 55.03 GHz and inter-mediate (IF)
frequency of 100 MHz are shown in Fig. 4.17. Due to modeling inaccuracies of the
inductor and transmission line characteristic and possibly transistor capacitances from
QVCO, the measured frequency range is not the same as expected frequency range.
The maximum receiver power gain is 18.2 dB and the minimum SSB NF is 16.96 dB
at 55.03-GHz RF frequency. The measured RF frequency range is limited by the

tuning range of QVCO.

The measured 3-dB channel bandwidth with fixed LO frequency of 55.02 GHz is
shown in Fig. 4.18. The measured channel bandwidth of 2 GHz is achieved for
high-speed data transmission. In addition, the measured bandwidth is only 160 MHz

smaller than the possible specifications for full-rate data transmission shown in
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Chapter 1. The asymmetric frequency response can be explained that the magnitude
response of LNA is asymmetric. Thus, the power gain provided by LNA is larger at

higher frequency.

The linearity performance of the proposed receiver is shown in Figs. 4.19 and
4.20. The measured input-referred 1-dB compression point (P1dB) is about —17.0
dBm with RF frequency of 55.03 GHz and IF frequency of 100 MHz. The two tone
test for the input third order inter-modulation intercept point (IIP3) with the RF
frequency of 55.04 and 55.03 GHz is also measured. The measured IIP3 is

around —7.6 dBm as can be seen from Fig. 4.20.

The output waveforms of I- and Q- channel IF signals are measured by real-time
oscilloscope. The output waveforms awith TF frequencies of 500 MHz, 100 MHz, and
50 MHz are shown in Fig. 4.21,4.22, and:4.23, respectively. The amplitude and phase
imbalance between I- and Q- channels at:100-MHz IF frequency are around 1.58 dB

and 17°, respectively.

The amplitude imbalance of I- and O-channel can be minimized by using an
automatic gain control (AGC) circuits. However, the effect of phase imbalance can
not be reduced by using extra calibration circuits. The signal constellations of QPSK
with ideal I/Q phase and non-ideal 1/Q phase are shown in Figs. 4.24 (a) and (b),
respectively. In Fig. 4.24 (a), ideal I- and Q-channel are performed. The BER Pg; is
calculated by using a normal distribution function. In Fig. 4.24 (b), a phase imbalance
is existed and the BER Pg; is larger than ideal case Pg; in Fig. 4.24 (a). In order to
maintain the required BER in digital section, the minimum required SNR at the
baseband should be increased. Therefore, the sensitivity of whole receiver system is

decreased.
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To further discuss the phase mismatches of IF signals, the QVCO output phase
imbalance versus control voltage V¢ from —0.2 to 1.4 V is shown in Fig. 4.25 where
the model for passive inductors and interconnection metals are simulated from Fig.
4.15 and the phase imbalance is defined as the phase difference between I- and Q-
channel output. It can be seen from Fig. 4.25 that phase imbalance is introduced by
asymmetric two-turn inductors and interconnection metals. However, the asymmetric
performance of inductors can not be found from HSPICE models. The phase
mismatch is from —0.57° to 3.44° with the control voltage V¢ from —0.2 to 1.4 V.
Therefore, the phase imbalance at the output of ILFTs is —1.71° to 10.32°. These

values are close to the measurement results.

Because the control voltage V¢ is.not controlled by a close-loop phase-locked
loop, the control voltage node is.directly fed by a power supply. The measured VCO
gain is very large, 5000 MHz/Volt. It 1s vety difficult to measure the IF signal with
frequency lower than 1 MHz as the-dc output of a power supply is not very clear.
Therefore, the performances of dc offset'and flicker noise cannot be measured in the

current receiver version.

Finally, the single carrier modulation scheme is specified in the 60-GHz
communication system. The distance between each carrier is 2160 MHz which is
larger then required IF bandwidth. Thus, second-order input intercept point (IIP2) is

not measured.

In Table 4.3, the recently published CMOS receivers worked at the V-band are
compared with the proposed receiver. It can be seen that the proposed receiver can be
operated with lower dc power consumption and small chip area. In [102], QVCO and
Q-path modulator are not included so its chip area and power consumption is small.

Additionally, the proposed receiver can provide an IF bandwidth of 1 GHz that is

136



close to the specification frequency plan. The proposed receiver provides a
high-integration and low power choice for 60-GHz receiver design. The NF is highest
because the gain which is provided by LNA is not large enough. Probably RF
frequency is not in the LNA bandwidth. In summary, the main drawback of the
proposed receiver is large NF as compared with receiver integrated with conventional
frequency multiplier. However, high NF problem can be solved by increasing the gain
of LNA. This design is the first CMOS receiver integrated with the ILFTs in the

millimeter-wave band.

4.5 SUMMARY

The 60-GHz direct-conversion receiver. front-end integrated with ILFTs is
designed, fabricated, and measured. Because the output frequency of QVCO is shift to
18.3-GHz, the maximum operational frequency of the direct-conversion receiver is
only 55-GHz. The reason of frequency offset is verified by 3-D EM simulator HFSS.
The modeling inaccuracies of the inductors and transmission lines characteristics are
main reasons for the output frequency shift. Thus, the measured RF frequencies are

not the same as expected frequency range.

In addition, the phase imbalance of I- and Q-channel outputs is discussed due to
the asymmetric two-turn inductors and interconnection metals. Because I/Q ILFTs are
designed after QVCO, the phase imbalance from QVCO is amplified three-times at
the ILFTs outputs. Therefore, the phase mismatch is large at the IF outputs. The
solution to phase mismatch is to add a ring oscillator between I/Q ILFTs [23]. The
ILFTs output phases can be forced to quadrature phase by the additional ring

oscillator. The phase imbalance can be also reduced by using careful layout for
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QVCO.

Finally, because the rejection ability to fundamental signal is around 20 dB in the
post-simulation of IFLT, the 20-GHz signal from ILFT is also injected into switching
stage of mixer. Due to the nonlinear characteristic of switching stage, the RF signal is
also translated to IF section by mixing with 20 GHz signal. The NF is increased by
the undesired signal. In the post-simulation results, the 20-GHz signal at the switching
stage input is very small. The nonlinear characteristic generated by the signal can be
neglected. Therefore, the effects of undesired harmonics in the ILFT output are not

important as a direct-conversion receiver integrated with ILFT.
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Table 4.1

Link budget analysis for 60-GHz wireless communication.

Specifications

Running Results

LeSlolu st 10 dBm 10 dBm
Power
LRSS 9 dB 10 + 9 = 19 dBm
Gain
Path Loss .68 dB 19 - 68 = -49 dBm 1m
Shadowing 10 dB 49 -10 = -59 dBm Received
Loss Power Level
N 9 dB .59 + 9 = -50 dBm
Gain
Background | ./ Bi/Hz
Noise
. . 1728-MHz
Noise BW 92.4dB -81.6 dBm (Noise) Channel BW
Receiver NF 15 dB -81.6 +15 = -66.6 dBm
SNR required _ QPSK and
for Digital 11 dB 66.6 +11=-55.6dBm | o > T75
System 50 - (-55.6) = 5.6 dB
Margin
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Table 4.2

Design target of receiver front-end.

Building Blocks

Target Specifications

Freq. Range 57 - 64 GHz
Power Gain >20dB
MO SSB NF <12 dB
Front-end
P1dB >-40 dBm
IF Bandwidth > 1080 MHz
Power Gain 12 dB
LNA NF 5dB
P1dB > -40 dBm
Power Gain 6 dB
Down
Conversion NF 20 dB
Mixer
P1dB > -25 dBm
Power Gain 6 dB
IF Amplifier NF <10 dB
P1dB >-10 dBm
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Table 4.3

Dimensions of devices in 60-GHz direct-conversion receivetr.

Low-Noise Amplifier (LNA)

Quadrature Voltage-Controlled
Oscillator (QVCO)

Device Dimension Device Dimension
Mina (1.2 wm/0.13 pm)x 8 Mycor - Mycos| (1.2 pm /0.13 um)x 6
IVILNAZ (3'7 p‘m /0.3 },l,m)x J Mvco5 - MVC08 (15 um 1013 l.,l,m)x 2
Minas | (1:2pm /043 pm)x 1210 - o 1(0.75 um /0.4 ym)x 26
Minas (1.2 pum / 0.13 pm)x 14 Metal width =9 pm

L /L Radius = 39 um
Cc 211.0 fF veot | -veoz K
LA Turn =2
Cina: 125.3 pF Rvco1 / Rvcoz 224.4Q
Cinas 50.1 pF 1/Q Injection-Locked Frequency
TLNA1 172.5 pH Trlplel’s (IIQ ILFTS)
T Lnaz 98.0 pH Device Dimension
TinAs 138.7 pH MiLet1 / MiLeT2 (15 pm 10.13 }.I.m)x 12
Tinag 198.3 pH Mirrs / Micera | (1.5 pm /0.13 um)x 6
TLNAS 120.4 pH M||_|:T5 / MILFTG (15 pm 10.13 }.I.m)x 12
M IM 1.5um/0.13 um)x 6
I/Q Mixers ILFT7 ILFT8 ( 2 2 )
Metal width =9 um
Device Dimension Licere / Liere Radius = 37.5 um
Turn =1
Muix4 (12 pm 1013 },lm)x 6
RiLer1 / RiLer2 46.1 Q
Mz / Myixa (15 pm 1013 },lm)x 8
IF Amplifier (IFA)
Mwmixa (12 pm 10.13 um)x 6
Muixs / Muaxe | (1.5 um / 0.18 pm)x 8 Device Dimension
Cuixt / Crixz 47.9 fF Miea1 - MiFas (1 2 pm 10.13 ]..Lm)x 4
Twixt / Twmixz 198.3 pH Rieat - Riras 796.2Q
Rmix1 — Rwmixa 1857.8 Q
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Comparison with Recently published /-band CMOS receivers.

Table 4.4

. Target
This Work [18] [102] Spec.
Homodyne
. Hon_10dyn_e Heterodyne Receiver with
Receiver Receiver with . . .
Receiver with Freq. tripler
Structure ILFTs and I/Q
Freq. doubler and external
modulators
LO
Frequency _ ~ ~
(GHz) 55 57 - 63 53 - 60 57 - 64
Technology | 130-nm CMOS | 130-nm CMOS | 130-nm CMOS
Receiver
Gain (dB) 18.2 11.8 16.4 - 194 >20
NF (dB) 16.96 10.4 10.2 - 13.0 <15
P1dB (dBm) -17.0 -15.8 -20.0 > -40
IIP3 (dBm) -7.6 N/A -8.5
IF BW (MHz) 1000 N/A 650 > 1080
Power
Consumption 31.0 76.8 18.96
(mW)
Supply
Voltage (Volt) 1.2 1.2 1.2
Chip Area 1.25 3.8 0.63
(mm?®)
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Fig. 4.1 The equivalentisystem for multi-stage system.

M3 &
o
; 2
?)
4 A o
! t, 2
» 2
2010y ®1 M2 2020 S
N @
fundamental y o
lIP3
Input Power (dBm)

Fig. 4.2 The property and definition of 11P3.
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Fig. 4.4 Circuit diagram of the two-stage 60-GHz LNA.
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Fig. 4.5 Simplified schematic of down-conversion mixer.
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Fig. 4.7 Simulated I/Q phase imbalance with 10-% channel width mismatch of the

transistor in the even-stage ring oscillator.
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Fig. 4.9 Circuit diagram of the IF amplifiers and output buffers for I-channel.
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Fig. 4.13 Simulated and measured input matching (S11) with frequency range from 54
to 66 GHz.
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Fig. 4.14 Simulated and measured QVCO output frequency versus control voltage V.
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Fig. 4.15 3D-view of the inductors and interconnection metals for EM simulation.
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Fig. 4.16 Measured and EM simulated 1.O frequency versus control voltage V.
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Fig. 4.17 Simulated and measured receiver gain and SSB NF with IF frequency of 100
MHz.
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Fig. 4.19 Measured P1dB with RF frequency of 55.03 GHz and IF frequency of 100
MHz.
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Fig. 4.20 Measured I1P3 with RE frequency of 55.03 and 55.04 GHz.

‘Ch1 10.0mVQ -

“M1.00ns A Chl & 0.00V

.0.00000s

Fig. 4.21 Measured output waveforms with RF frequency of 55.07 GHz and IF

frequency of 500 MHz.
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Fig. 4.22 Measured output waveforms.-with.REfrequency of 55.03 GHz and IF

frequency of 100 MHz.
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Fig. 4.23 Measured output waveforms with RF frequency of 55.025 GHz and IF

frequency of 50 MHz.
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Fig. 4.24 The signal constellation and probability distribution of QPSK with (a) an
ideal phase of I/Q channel and (b) a phase imbalance of I/Q channel.
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Fig. 4.25 EM simulated phase imbalance of QVCO outputs.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

5.1 MAIN CONTRIBUDTION

In this thesis, the design methodologies and implementations of subharmonic
injection-locked frequency multiplier (ILFM) are presented. The proposed ILFM is
successfully integrated with phase-locked loop (PLL) and direct-conversion receiver

for 60-GHz applications.

Firstly, K- and V-band CMOS fully. differential subharmonic injection-locked
frequency triplers (ILFTs) are proposed;analyzed, and designed. A novel CMOS
ILFT structure formed by frequency pre-generator stage and ILO stage is proposed.
Based on the proposed ILFT structure; models fotr-the locking range and the output
phase noise are developed. In addition, ithe proposed ILFT has a current-reuse
structure between the frequency pre-generator and the ILO for low power operation. A
K-band ILFT is designed and fabricated using 0.18-um CMOS technology. The
measured locking range is 1092 MHz with a dc power consumption of 0.45 mW and
an input power of 4 dBm. The harmonic rejection-ratios are 22.65, 30.58, 29.29,
40.35 dBc for the first, second, fourth, and fifth harmonics, respectively. The total
locking range of the ILFT can achieve 3915 MHz when the varactors are used and the
dc power consumption is increased to 2.95 mW. A V-band ILFT is also designed and
fabricated using 0.13-pm CMOS technology. The measured locking range is 1422
MHz with 1.86-mW dc power consumption and 6-dBm input power. The locking

range of the proposed ILFT is similar to the tuning range of a conventional

161



varactor-tuned bulk-CMOS VCO. Moreover, the proposed ILFT has a similar output
power level to a VCO. As a result, it is feasible to use the proposed ILFT in

low-power millimeter-wave synthesizers.

Secondly, a novel CMOS PLL integrated with ILFM that generates the V-band
output signal is proposed and designed in 0.18-um CMOS technology. The proposed
60-GHz PLL is composed of VCO, ILFM, 1/32 frequency divider, PFD, CP, and loop
filter. Because the proposed ILFM can generate the fifth-order harmonic frequency of
the VCO output, the operational frequency of the VCO can be reduced to only
one-fifth of the desired frequency. Furthermore, the output frequency is higher than
the transition frequency of device but the maximum operational frequency of
frequency divider is only 11.6-GHz. The output frequency range of the proposed PLL
is from 53.04 GHz to 58.0 GHz."The measureéd phase noises at 1 MHz and 10 MHz
offset from the carrier are —85.2 and —90.9°dBc/Hz, respectively. The reference spur
level of —40.16 dBc is measured. The dc-power dissipation of the fabricated PLL is
35.7 mW under a 1.8-V supply. It can'beiseen that the performance of the proposed
PLL is similar to previous woks but the power dissipation of the proposed PLL is only
two-third of previous works [28]-[31]. Therefore, the proposed PLL structure is
suitable for low power and high performance frequency synthesizer in 60-GHz

applications.

Finally, a 60-GHz CMOS direct-conversion receiver front-end integrated with
the ILFTs is designed and measured in 0.13-um CMOS technology. The proposed
direct-conversion receiver front-end is composed of a low-noise amplifier (LNA), I/Q
quadrature down-conversion mixers, a 20-GHz QVCO, two ILFTs, two IF amplifiers,
and two output buffers. A two-stage amplifier is used for LNA design to achieve the

required gain and to dominate the receiver noise figure. The new method for
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inter-stage bias is proposed to increase the voltage gain and reduce the extra noise
source contribution to LNA. A shunt-peaking inductor for cascode device is designed
to reduce the noise from cascode device. Therefore, the total noise figure of the whole
is reduced. In the proposed receiver, the local oscillator signals are generated by the
QVCO operated at only one-third of carrier frequency cascade with the two ILFTs.
Based upon this approach, high frequency dividers operated at the carrier frequency
with a significant amount of power dissipation are not needed while the proposed
receiver is integrated with the frequency synthesizer. Because of the QVCO frequency
shift, the maximum RF frequency is 55.03 GHz. The measured results show a receiver
gain of 18.2 dB, a noise figure of 16.96 dB, and an input-referred 1-dB compression
point of —17.0 dBm. The proposed receiver is implemented using 0.13-pum CMOS
technology and draws 25.84 mA ftom a 1.2-V-supply. The total chip area, including
testing pads, is only 1.21 mm X, 1.03 ‘mm. As s result, the proposed receiver
architecture provides a potential choice for-high-integration, low-power, and small

chip area in 60-GHz transceiver design:

In summary, using the proposed CMOS ILFM to realize the PLL and receiver,
the power consumption can be reduced and performance can be similar to other
structures. As the operational frequency is increased to 60-GHz or beyond, it is quite
feasible to design high-performance, low-power, and high-integration CMOS

transceivers in millimeter-wave band or even in the sub-millimeter-wave band.

5.2 FUTURE WORK

The simulation and measurement results have been shown that the proposed

ILFT can achieve high output power with low power consumption. However, the
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locking range of ILFT still can no be larger than 10-GHz even if the quality factor of
LC-tank is decreased. The main reason is that the large parasitic capacitances between
frequency pre-generator stage and ILO stage. The generated third-order harmonic
signal is leaked to substrate. Thus, the locking range expressed in (2.15) should be
considered the effect. To achieve larger locking range, the transformer-based ILFT

will be designed to increase the injection current.

In the 60-GHz PLL design, the output power is too small to drive mixer directly.
Moreover, the divide-ratio is not programmable and reference clock is higher than the
commercial crystal oscillator. By using 130-nm CMOS technology or more advanced
technology, the driving capability is increased to generate the 60-GHz signal with
large output amplitude. The prescaler, program counter, and swallow counter will be
used for channel selection. The: increase of . divide-ratio to reduce the reference

frequency will be designed for system integration

Finally, by careful whole chipiEM simulation; the operational frequency will be
moved to 60 GHz in the modified receiver chip. The I- and Q-channel outputs with
small amplitude and phase imbalances will be redesigned by adding a ring oscillator

between 1/Q ILFTs or by careful layout plan in the future.

Therefore, a low-power, high-integration, high-performance single chip

transceiver for 60-GHz applications will be designed and tape-out in the future.
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