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The Design and Analysis of 60-GHz CMOS

Receiver Front-End

Student: Po-Hung Chen Advisor: Dr. Chung-Yu Wu

Department of Electronic Engineering &
Institute of Electronics

National Chiao Tung University

Abstract

In the next-generation wireless communication, high data rate transmission with a high
operating frequency is expected. @Qver the past few years, the 7-GHz unlicensed band
around 60 GHz has been released for high-speed and short-range communication systems. It
has great potential in application of high data-rate wireless personal-area network (WPAN),
high speed WLAN and point-to-point link, with possible data rate of gigabits per second.

In this thesis, a 60-GHz CMOS direct-conversion receiver integrated with a frequency
tripler is presented. The proposed receiver which consists of a low-noise amplifier (LNA), a
down-conversion mixer, output buffers, and a frequency tripler are designed using 0.13-um
CMOS technology. By using a frequency tripler, the operating frequency of the frequency
synthesizer can be reduced from 60 GHz to 20 GHz. This makes the implementation of the
frequency synthesize much easier. Based on measurement results, as a result of the layout
error, the receiver power gain is decreased to 13.9 dB. The measurement result presents the

main circuit characteristics: covering 3dB-bandwidth from 50.5 GHz to 58.5 GHz,
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input-referred 1-dB compression point of -12 dBm, input return loss of -5 dB at center
frequency of 54.5 GHz and consumes 11.4 mW from 1.2-V power supply. Moreover, the
re-simulated noise figure (NF) considering the undesired effects is about 9.2 dB. Afterwards,
the reasons of malfunction which cause the frequency shift and gain reduction are discussed
here. From the discussion, with the carefully layout, the proposed receiver can achieve
much better performance than measurement and is confirmed to be suitable for low-power
and high data-rate wireless communication systems.

Besides the 60-GHz receiver, a 70-GHz LNA is also presented. In the proposed LNA,
three-stage common-source topology is used instead of cascode configuration to improve
the noise performance. As a direct.eonsequence of. the use of common source structure in
the proposed LNA, the voltage can be reduced to 0.8-V, which is much lower than that for
the cascode structure. Therefore, the “level- of ‘power consumption can be reduced greatly.
The measured LNA gain is about 10.9 dB and the input and output return losses are lower
than -12 dB at center frequency with the simulated noise figure of 5.1 dB. Furthermore, the
3-dB bandwidth covers from 65 GHz to 72 GHz which is suitable for wideband applications.
Finally, this circuit can be operated on a low supply voltage of 0.8-V and only consumes 5.4
mW with a 0.38 mm? chip area. It is proved that the proposed LNA is feasible to use it in

building fully integrated receiver at frequency of above 50 GHz.
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Chanter 1
Introduction

1.1 Background

Over the past few decades, wireless communication systems have been under significant
development and are more closely related to our daily life than ever before. The most active
RF/microwave bands are called industrial, scientific and medical (ISM) bands at 2.4 GHz, 5.2
GHz and 5.8 GHz for wireless LAN, which were allowed by the FCC for unlicensed
transmissions [1]. However, due to the relative lewer bandwidth, these systems can only
access several Mbps and remain. bottleneck for ~wireless broadband communications.
Nowadays, the wireless system is stillisurging-under;increasing demands of high data rate and
lower power consumption. Therefore, these issues have motivated the system designer to

explore the higher frequency bands such as 60-GHz ISM band.

Recently, a 7-GHz band covering the range from 57 to 64 GHz has been released for
unlicensed use in high-speed and short-range communication systems. The attraction of this
band is its large bandwidth of 7 GHz and the lack of restrictions. There is only a maximum
power restriction, on the order of +40dBm depending on the continent. It has great potential
in the application of high speed WLAN and point-to-point links, and offers a possible data

rate of gigabits per second.

In general, building high frequency circuits usually use special semiconductor materials,
such as InP or GaAs. These processes have much higher electron mobility comparing to

silicon substrate and allow for much faster devices. Moreover, SiGe process is also widely



applied in recent years due to its high performance characteristics. So far, existing millimeter
wave receivers which use SiGe or HEMT have the great potential to implement wireless
components for 60-GHz applications due to its high unit current gain frequency (fr) [2]-[3].
However, as the fr reaches 80 GHz in 0.13-um bulk CMOS technology, the advanced bulk
CMOS technology becomes the potential choice for implementation of high speed wireless
components. The bulk CMOS technology has the great advantages of low cost and high level
integration. Recently aggressive downscaling of CMOS device sizes have resulted in
significant improvements of their RF performances at a faster rate than SiGe bipolar and
GaAs. Based on these features of CMOS process compounded with innovations in circuit

design, it makes considerable improvements in wireless systems.

In the next generation wireless communication system, low cost, low power and
high-performance 60-GHz transceivers are.expected to entail high level of complexity. Even
though there are still some restrictions to design the high-performance integrated receiver
front-end using CMOS technology, Wei can use some circuit techniques or system
architectures to overcome these limitations; So far, several 60 GHz band receivers and
receiver building blocks like LNA and mixer using CMOS technology have been reported
[4]-[8]. We would like to roughly describe these circuit techniques and find out a better
solution for the proposed receiver architecture. Moreover, some frequency multipliers using
HEMT or SiGe process have been reported [9]-[12]. From the authors’ knowledge, there is
still not any frequency tripler circuit proposed using CMOS technology. We would also like to
introduce the frequency multiplier circuits and their operation principle in the following

subsections.



1.2 Reviews on CMOS RF Front-end Receivers

The transceiver is quite a major component in the wireless communication equipment
that commonly includes a receiver, a transmitter and a frequency synthesizer. The RF
front-end receiver is a major component in the wireless communication equipments which
generally consists of several main circuit blocks: a low-noise amplifier (LNA),
down-converters, low pass filters and some baseband processing circuits. Conventionally,
LNA amplifiers the RF signal received from the antenna with low noise contribution.
Down-converters mix the output of LNA and local oscillator (LO) signal generated by
frequency synthesizer to the desired intermediate frequency. Filters suppress the unwanted
signals or interferences to provide a moderate signal quality for the baseband processing
circuits to reach a reasonable performance. Figure 1.1 shows one of the receiver architectures
for example.

Since the 60-GHz system has wide operating bandwidth, it is somehow different from
narrow band receivers. As a result,.some circuit blocks are supposed to have a wideband
characteristic or multiple switched circuits used to work at various frequencies, and more than
one single carrier frequency is required in the receiver chain for frequency down-conversion.

The architecture of the receiver must be selected appropriately to satisfy different system
issues, for example complexity, cost and power dissipation. The characteristics of different

receiver architectures are discussed in the following subsections.

RF_IN

Down-converter Buffer

Low Pass
Filter

Local
Osc.

Figure 1.1 The architecture of the zero-IF receiver
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1.2.1 Receiver Architectures

As RF receiver is evolving continuously, several main architectures have been
generalized. The well-know architectures that widely used in recent years are
super-heterodyne receiver, homodyne receiver and low-IF receiver [13].

B Super-heterodyne receiver

This architecture has been most widely used to gain the better selectivity and extreme
sensitivity [14]. The block diagram of a typical double conversion super-heterodyne receiver
is shown in Figure 1.2.

The received RF signal from the antenna is filtered first by a RF pre-scale filter and
amplified by a LNA. The amplified signal is further discriminated from the image signal by
an image rejection filter and applied:to-the first RF mixer. This down-conversion mixer
translated the RF signal to lower-intermediate frequency (IF) by mixing with the LO signal,
where © r=®@ rr- @ Lo- At the output of the mixer, the desired signal is discriminated from the
other channels by channel select filter and féed to-the IF mixer. Through the IF mixer, the
signal is down-convert to the more low IF frequency with additional filtering. The same as the
RF mixer, the frequency of the IF signal is depended on the LO frequency that supplied to the
IF mixer. The main selectivity of desired channel is provided at the same IF independent of
the carrier frequency. Since the adjacent channels are filtered, the desired channel is

discriminated from them.

RF_IN

Baseband

Low Pass
Filter

Channel
Select
Filter

RF Prescale
Filter

Image-rejection
Filter

1st Local 2nd Local
Osc. Osc.

Figure 1.2 The block diagram of super-heterodyne receiver
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The first IF (IF;) frequency must be designed carefully. A high IF; increase the difference
frequency between image and desired signal and gets better image-rejection performance.
However, it requires a channel-selection filter with high Q-factor in this case and is difficult to
implement on chip. On the other hand, a low IF, is difficult to obtain high image rejection but
allows great suppression of nearby interferers. Furthermore, due to the lower frequency, a
channel-selection filter only requires lower Q-factors and is much easier to implement.

This super-heterodyne receiver can easily overcome the DC-offset problem and has the
better performance. The main drawback is its complexity and inadequacy of full integrating a
receiver because the high-Q low loss filters are hard to implement using standard CMOS
technology.

B Homodyne receiver

The homodyne receiver also called direct-conyersion receiver or zero-IF receiver which
eliminates many off-chip compenents and promising for single chip receiver, as shown in
Figure 1.3. Since the RF signal is idirectly._down-converted to the baseband, the image
problem is eliminated because image is.one of the sideband about the carrier of the desired
signal. However, the lower part of the input spectrum itself is overlapped with the upper part
of the spectrum. To avoid loss of information, two sides of input spectrum must be separated

into in (I) and quadrature (Q) phase in translate to zero frequency [15]

RF_IN ® LPF - |

A4 A Lo,
| Local
Osc.
RF Prescale
Filter
LOg
LPF . Q

Figure 1.3 The block diagram of super-heterodyne receiver



Besides the image reduction, this architecture shows several advantages: high integration,
simplicity of the structure, low cost and low power consumption. Moreover, the possibility of
changing the bandwidth of the integrated low-pass filters is another advantage if multi-mode
or multi-band applications are of concern [16].

However, the homodyne receiver suffers some drawbacks. The most serious problem is
the DC offset impairment due to the LO leakage, which arise from capacitive and substrate
coupling [17]-[18]. Due to the limited reverse isolation of mixers and LNAs, especially at
high frequency, some of the LO signals may leak to the mixer, LNA, or even antenna. They
will reflect to nearby objects and be mixed with the LO signal itself. This could saturate the
consequent stages and affect the signal detection process. This problem may become more
aggressive if self-mixing varies with time. This effect may be serious in CMOS process
utilizing conductive substrate. In additional to DC offset, flicker noise, I/Q mismatch and
even order distortions are othet issues. I/Q mismatches may corrupt the down-converted
signal and the bit error rates rise.-Furthermore, since the down-converted signal is a baseband
signal, it suffers the more serious flicker.noise.-These effects may become much more serious

especially in CMOS technology [19].

B Low-IF receiver

In a low-IF receiver, the RF signal is mixed down to a non-zero low or moderate
intermediate frequency, typically a few megahertz. Low-IF receiver has many of the desirable
properties which the homodyne receiver has. Moreover, the architecture can avoid the DC
offset and flicker noise problems which concerns seriously in homodyne receiver.

The use of a non-zero IF suffers from the image issue again. This image signal can be
rejected by quadrature downconversion (complex mixing) and poly-phase filter [20].
However, double-quadrature architecture requires a quadrature generator on RF path and

additional two mixers to implement which indicate the more power consumption is required.



Furthermore, the signal bandwidth in low-IF conversion is twice that in homodyne receiver.
This requires doubling the analog-to-digital conversion sampling rate and results in more
power consumption. The main disadvantage is the large mirror signal suppression requirement.
In a zero-IF receiver, the mirror signal is the wanted signal itself. While in the low-IF case, it
may be larger than the wanted signal. In addition, the double signal bandwidth in low-IF
conversion mandates to double the baseband filter bandwidth, which further increase design

complexity and power consumption [21].

1.2.2 Review on 60-GHz CMOS Receivers

As the 60-GHz band system is evolving continuously, several receivers have been
published and analyzed. These receivers use different architectures to approach the better
performance and high integration [4]-[6]. The followings are representative reviews of the

state-of-the-art 60-GHz receivers.
B A 60-GHz CMOS Receiver Front-end [4]

The direct-conversion receiver is illustrated in this paper which is implemented using
CMOS 0.13-um technology and operates under 1.2-V supply voltage. Figure 1.4 shows the
block diagram of the receiver. The circuit consists of a LNA, quadrature mixers, and baseband
amplifiers. For testing considerations, the balun is included here to convert the LO input
signal from single-ended to differential. The low power consumption and high performance
receiver characteristics offer the possibility of using the CMOS technology to implement the
60-GHz system instead of many III-V circuits. However, this type of architecture requires a
60-GHz frequency synthesizer to generate the LO signal, but such a high-frequency frequency
synthesizer is difficult to implement and has the poor performance with high power

consumption due to high frequency pre-scalar.
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Figure 1.4 The block diagram of [4]

B A mm-Wave CMOS Heterodyne Receiver with on-Chip LO and Divider [5]

This paper describes a heterodyne receiver using 90-nm CMOS technology and operates
under 1.8-V supply voltage. This strructure aVQ“ids‘ quadrature turn separation and eases the
management of interconnect which allows‘ tb ‘bé integréted with other high-frequency building
blocks. Figure 1.5 shows the receiver-architecture, where the RF mixer is directly driven by
the LO and the IF mixers is driven through a‘d“ivided by 2 circuit (with f o=40 GHz).

However, the divide-by-2 circuit must operate at a nominal frequency of 40 GHz and

consumes large power consumption with requiring the 40-GHz PLL.

IF Mixer
RF_IN
- Vout,I

RF Mixer LO#H |LOqt

IF Mixer

®_ Vout,Q

40-GHz
LO

Figure 1.5 The block diagram of [5]



B A High Integrated 60-GHz CMOS Front-End Receiver [6]

This paper describes a highly integrated 60-GHz CMOS receiver front-end which is
fabricated in a 1P6M 0.13-um standard digital CMOS process and operates under 1.2-V
power supply. The circuit consists of a LNA, a quadrature balanced down-conversion mixer, a
30GHz VCO, and a frequency doubler, as shown in Figure 1.6. By using the frequency
doubler, only the 29-GHz PLL is required to down convert the 60-GHz signal to 2-GHz IF
frequency. This is much easier to implement 29-GHz frequency synthesizer comparing to
60-GHz one when integrating with the receiver. However, the doubler can not provide the
differential output signal associated with a mixer and such a circuit still consumes a large
amount of power. Moreover, the 60-GHz mixer is down-converted to 2-GHz IF frequency and
uses the inductor to peak the signal. This may ,ygduce the noise contribution from the load of

the mixer but more inductors are, fequireﬁl %WhiCh occupies large chip area. This architecture

requires two PLLs to down-conveft the RE Signal to baseband and is much more complex

with large power consumption.

RF_IN

LOr

Figure 1.6 The block diagram of [6]



1.2.3 Review on Building Blocks of CMOS Receiver

Besides the receivers, several building blocks of receiver front-end at frequency of
V-band (50~75 GHz) using CMOS technology have been published in recent years. These
circuits provide some solutions and techniques to overcome the limitation of the device fr
which is around 80 GHz in 0.13-um CMOS technology. Here, we review these published
V-band CMOS circuits to obtain the issues which must be pay more attention when designing

the V-band circuits.
B A Miniature V-band 3-stage Cascode LNA in 0.13-um CMOS [8]

In this design, the three stages cascaded LNA using 0.13-um CMOS technology with
operating under 2.4-V supply voltage is presented. The circuit schematic diagram is shown in
Figure 1.7. This architecture uses the cascode device configuration to achieve high gain
performance. All of the input,-output and-inter-stage matching networks are conjugated
matched for maximum power transition. However,-this structure requires a higher supply
voltage and consumes much more power. Moreover, the parasitic capacitance at input stage of
a cascode structure causes the signal loss and also increases the noise figure. As a result, the

entire noise figure is much larger than conventional common-source architecture.

A Eﬁ?ﬂ

Figure 1.7 Circuit schematic of the V-band CMOS LNA in [8]
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B Single-gate quadrature balanced mixer [6]

This paper presents a quadrature balanced down-converting mixer consisting of two unit
single-gate mixers with a 90° branch-line hybrid, as shown in Figure 1.8. The single-gate
mixer down converts the RF frequency to 2-GHz IF signal. By taking advantage of the
intrinsic device capacitances, the 90° phase shift can be realized by using CPW (coplanar
waveguide) transmission lines shorter than A/8. To reduce the length of the transmission lines,
the LO and RF matching networks are co-designed with the 90° branch-line hybrid and
gate-bias network. In addition, the insertion loss of the passive component can also be
reduced. The on-chip LC components at the drain of CS stage complete the IF matching at
2-GHz. It also filters the LO and RF signal which is not desired at the output. By using the
inductor for matching network, the noise contribution from the load can be reduced, but the
larger chip area is required. This architecturesptovides good linearity but the conversion gain
is negative which may lead the reduction of the entir€ receiver gain. Moreover, large amount

of transmission lines require largé.chip areato-implenient on chip.

—c TF+

LO

RF

—o IF-

Figure 1.8 Simplified circuit diagram of the single-gate quadrature balance mixer in [6]
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B Gilbert-cell based mixer [5]

As operating at 60-GHz, the conventional Gilbert-cell mixer which is illustrated in
Figure 1.9(a) has the poor performance due to several reasons: the total capacitance at the
drain of M, gives rise to a pole on the order of f1/2, the switching pair M;, M, must carry the
entire bias current of M3 and the noise contribution from the switching stage may increase.
Moreover, only the small voltage drop across the load resistors is allowed because of supply

voltage limitation. These make the diminution of the conversion gain.

To improve these issues, the modified down-conversion mixer using inductive peaking
and current injection techniques are implemented, which is shown in Figure 1.9(b). The
inductor L; resonates with the total capacitance seen at the drain of M3 and carries part of the
drain current of M3 This could lead theload resistance to be doubled. Moreover, since M; and
M, carry smaller current, they can switch: more ‘abruptly. These improvements can abruptly

improve the gain and the noise performance of the mixer.

VDD VDD

—0  Vour 0— I__° Vour o— L
H —
o——| > °—| kv, wmp
LO t . el o = — | 72
(e, ° L]
—  —
— - Tpi/2
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- ] T

Figure 1.9 (a) Conventional and (b) proposed mixer in [5]



1.2.4 Review on Frequency Multiplier

In general, active multipliers are configured as doublers which have been demonstrated
with good performance [23]. So far, several frequency multipliers using HEMT or SiGe
processes have been published and analyzed [9]-[12]. The following reviews some of the

techniques of the frequency multipliers.
B Frequency doubler using 0.13-um CMOS technology [6]

The schematic of the three-stage frequency doubler is shown in Figure 1.10. It consists
of a 30-GHz input driver, a frequency doubler core, and a 60-GHz LO buffer. The Cascode
devices form the input and output stages. The inter-stage matching is also applied using
reactive components. The frequency doubler,is made up by CS amplifier which is biased close
to its threshold voltage to efficiently generate‘the desired second order harmonic signal. A
passive network at the drain of the transistor can feject the 30 GHz fundamental while
maximizing the second order harmonic.at.60-GHz. In additional, it can optimize the power
transfer to the output buffer. The input and output of the doubler core circuit are matched to

50 ohm at 30 GHz and 60 GHz separately.

Figure 1.10 Simplified circuit diagram of the frequency doubler in [5]
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However, this structure has some drawbacks: it requires large power consumption,
applying with many transmission lines, and more importantly, the circuit can not generate the
differential LO signals to supply to the mixer. These issues may require to be considered when

integrating with other building blocks of the receiver circuit.
B An optimized 25.5-76.5 GHz pHEMT-based coplanar frequency tripler [12]

This tripler schematic diagram is shown in Figure 1.11, which presents a single-stage
MMIC tripler with W-band output frequency. This circuit is based on a double d-doped
0.15-um gate-length AlGaAs/InGaAs/GaAs PHEMT process. The HEMT device is operated
under class AB bias point to efficiently generate the third order harmonic of the input.

This circuit is emphasized on selecting the optimum input and output terminations to get
the maximum power transfer at fundamental,k and third-order harmonic of the input
respectively. The terminating impedances :are choesen to avoid signal losses and enhance the
power at the desired harmonic. ‘A shorter-stub with a‘shunt capacitor is also applied here to
eliminate the fundamental signal which'is not expected at the output. From many aspects, this
approach provides excellent performance but still can not generate the differential signal.
Moreover, the circuit is fabricated using pHEMT process and large power consumption is a

great concerned. In additional, the integration with other circuits is another issue.

r
v G5

hfji
1

Figure 1.11 Schematic circuit diagram of the 25.5-76.5 GHz single-ended frequency tripler
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1.3 Motivation

As mentioned above, some published receivers for 60-GHz applications have been
developed and surveyed. These receivers require high-frequency frequency synthesizers to
generate appropriate LO signal to down-convert the RF frequency to baseband. This may lead
the receiver performance become poor because the frequency synthesizer performance
degrades violently when operating at higher frequency. Moreover, the tuning range of the
VCO also degrades due to smaller inductor values. This tuning range may not sufficient to
cover the entire 57~64 GHz band and requires more than one PLL to cover the whole
frequency band. Based on the drawbacks and design considerations of receiver architecture
mentioned above, a wideband direct-conversion topology integrated with a frequency tripler
has been proposed in this thesis. The design'is realized by using TSMC 0.13-um CMOS
technology under the standard supply voltage of.1.2-V. It attempts to design a low cost, low
power and wide bandwidth circuit for 60-GHz system-applications. This circuit also has great

potential to be integrated with frequency synthesizer and baseband circuits.

1.4 Thesis Organization

Chapter 2 presents a novel frequency tripler circuit which can be applied in 60-GHz
receiver front-end. The detail design considerations are also introduced here with its
simulation results. In Chapter 3, the receiver architecture and its building blocks are presented.
It includes a LNA, a down-conversion mixer and output buffers. The basic theory and
simulation results of each building block are also illustrated here. Chapter 4 contains
experimental results and discussions. Finally, conclusions and future work are presented in

Chapter 5.
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Chanter 2
A High-Frequency Frequency Multiplier

A novel configuration of balanced frequency tripler using standard 0.13-um CMOS
technology is proposed. In this chapter, the circuit design consideration and theoretical
analysis of frequency tripler are introduced together with the simulation results. The
simulation results show that the circuit has great potential to apply in the high-frequency

system such as 60-GHz receiver front-end.

2.1 Design of the Frequency Tripler

A frequency tripler based on*FET typeris-very-attractive for being integrated with other
elements of a monolithic transceiver. In this-désign, by importing only 20-GHz input signal,
the frequency tripler can successfully generate sufficient amplitude of the differential 60-GHz

signal to be as LO signal of the mixer.

2.1.1 Operational Principle

The analysis of the frequency multiplier is usually a combination of gate bias and
fundamental RF input levels for optimum generation of a desired harmonic signal [24]. To
decide the bias point of the FET device, the drain current dependence model illustrated by

Fudem and Niehenke is introduced here [25].

The optimal bias point is opted midway between pinch-off and the onset of forward
condition which is consistent with a Class-A amplifier. When operating on this bias point, a
large amplitude AC signal is required to over-drive the device both into pinch-off and forward

conduction every cycle. The resulting drain current waveform is then severally clipped at both
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ends. This clipped waveform successfully results the harmonics. If the ac signal becomes
larger, the output waveform can be approximately considered as square-wave results. The

Fourier transformation associated with a perfect square-wave is given by:

I — 2Ipeak(_1)n

n

,nodd
nw

I =0 ,Nn even

As can be seen, for the perfect square-wave, only the odd order harmonic is generated and
even order term which we do not desired can be eliminated. For a square wave, if n=3 for the
tripler design, the output amplitude of I3 can be generated approximately 0.212I,e.. This
mode of operation obtains superior third-order conversion than biasing the device near the

pinch-off which is more commonly used.

Besides biasing between pineh-off rand:.the onset of forward condition, there is still
another bias point that can obtain the same optimal value of I5. This solution can be obtained
by generating rectangular output”waveform-with a‘duty cycle of 1/6 rather than square one.
Unlike the square-wave considered previously, although rectangular-wave does obtain the
same conversion of the odd order harmonic, it also contains significant even order harmonics,

especially second order harmonic which we do not desire.

The most significant benefit of choosing a 1/6 duty cycle in bias point design is the DC
power reduction. In this mode, the device always operating in the cut-off region and rarely
consumes DC power until AC signal is supplied. Furthermore, the fundamental content under
this operation is less than that of square-wave, thus the fundamental rejection can be improved.
Nevertheless, there are several serious drawbacks in this approach: poor even order harmonic
rejection, high AC drive level of the fundamental input, and the breakdown issue due to large

drive power.
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2.1.2 Design Considerations

There are several limitations that need to be considered when implementing the
frequency tripler which applies in 60-GHz receiver front-end. Especially, the design is

implemented by using 0.13-um CMOS technology with 1.2-V supply voltage.

From the analysis that mentioned above, two optimal bias conditions are proposed. One
is biasing in the middle between cut-off and forward conduction region, which generate
square wave in the output. The other operation point is biasing at well below the cut-off
region and generate 1/6 duty cycle rectangular wave with large AC signal. If we want to
generate a 60-GHz LO signal, we must implement a 20-GHz frequency synthesizer or VCO to
provide the sufficient input AC signal level for the tripler circuit. However, in 0.13-um
CMOS technology, it is hard to generate such a large output swing signal due to low supply
voltage. Beside, the FET device model of ‘the CMOS process is not quite accurate when
biasing well below cut-off region and ‘thé“performance of the circuit can not be guaranteed.
Hence, in the CMOS technology, the-bias point of the device is better to be opted midway
between pinch-off and onset of forward condition which is consistent with a Class-A

amplifier.

Nevertheless, in practical case, the output waveform can not produce the perfect
square-wave. Therefore, the undesired even order harmonics are no longer be zero, especially
the second order harmonic is the extreme one. In the design of the frequency multiplier,
harmonic rejection is also an import demand. The most popular method to filter out these
undesired outputs is using the inductor peaking approach. By choosing appropriate value of
LC tank, the band pass filter characteristic can be obtained. Another popular way is using the
transmission lines with length of particular wavelength ratio to filter out the undesired signal.

However, this method requires large chip area to implement the transmission lines.
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2.1.3 Circuit Realization

The circuit scheme of the proposed two-stage CMOS frequency tripler is shown in
Figure 2.1. It consists of a tripler core circuit and an output buffer stage with a fully
differential configuration. The tripler function is made by MOS M; and M, As the
fundamental signal (20 GHz) is applied to the gate terminals of M; and M, the third order
harmonic signal (60 GHz) can be generated due to the output waveform distortion that
mentioned in previous subsection. The inductors L; and L, are used to resonant with the
parasitic capacitance at the third harmonic frequency of the input signal and the desired output
signal can be extracted. Moreover, due to the band pass characteristic of the LC tank, the

undesired harmonic signals will be filtered to some extent.

VDD

R6

GOGHz Signa

=EC5 ?RS
M.xé'r"ia}sa' | % "".szar'"u'hput
C3

I« M1 M2! ! C|2 a
20GHz Input = 20GHz Input

R2

LS1 B1

Figure 2.1 The circuit scheme of the proposed CMOS frequency tripler
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The M3 and M4 perform as CS amplifiers and the load inductors L3 and L4 are also
resonated at the third harmonic frequency. By using additional gain stage, not only can the
desired signal be enhanced further but also the other undesired harmonics can be suppressed.
A resistance R; is used to select the dc operation point of the mixer LO-port and can save a dc

bias pin. In additional, to provide the stable dc bias, a bypass capacitance Cs is also added.

Because the even harmonic signals at the output nodes are common-mode
characteristic, appropriate value of Rs can be designed to eliminate the undesired even order
harmonic signals. The simulation result of the 2" and 4™ harmonic rejection improvement due

to Rs is shown in Figure 2.2

To further improve the performances, the source inductor Lg is applied to enhance the
even order harmonics at the source terminal of, M » to mix with the input fundamental signal.
Thus, the third harmonic signals at the output nodes ean be enhanced, as shown in Figure 2.3.
When even-order harmonics are-involved, the Lg can be seen as source degeneration inductor
and a cause of even order signal "gain reduction; as illustrated in Figure 2.4. Further
improvement of the harmonic rejection ratio (HRR) is expected which shows in Figure 2.5.
Although larger inductance value gets better performance, but it is not easy to implement such
a large inductor and it requires large area. So we choose the appropriate value of source
inductor here. The detail device parameters of proposed frequency tripler are list in Table 2.1.

Table 2.1 Detail parameters of proposed frequency tripler

M, 18 um/ 0.13 um Ri2 5 kohm

M; 4 9.6 um/ 0.13 um R34 5 kohm

Liz || w=3 r=37 nr=1, CENT-Tap || Rs 8 ohm

L34 Tline 230 pH R¢ 200 ohm

Lg; Tline 200 pH Ci2 || MIM 30um x 30um
Va1 0.65V C34||MIM 20um x 20um
Vob 1.2V Cs ||MIM 10um x 10um
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2.1.4 Simulation Results of Frequency Tripler

The performance of the proposed frequency tripler is simulated under the input power of
4 dBm. To count the loading effect of the mixer, the circuit is integrated with the mixer and
obtains the inter-stage performances. Figure 2.6 shows the simulated relative output power of
the frequency tripler between 56~65 GHz. In Figure 2.7, the HRR over the 57~64 GHz are
calculated. It shows that the HRR can achieve better than 24 dB in each case. Since the output
impedance is not 50-ohm, the simulation results taken as affirming the relative harmonic
amplitude. The accurate output swing waveform at 60-GHz can be obtain by using transient
analysis, as shown in Figure 2.8 to Figure 2.10. As can be shown, the output swing of the
frequency tripler is between 125 mV and 270 mV. At last, the third-harmonic output power
versus input power of the fundamental signalvis illustrated in Figure 2.11. Obviously, the
third-harmonic output power achieves saturate when-input power is larger than 4 dB. Hence,
we choose the 20-GHz input signal as 4 dBm here 'which is available to be generated by using

20-GHz PLL or VCO under 0.13-um CMOS process.

To obtain the phase noise contribution due to the proposed circuit, an additional 20-GHz
VCO has been designed and connected to the proposed frequency tripler. Figure 2.12 shows
the simulated phase noise performance of the 20-GHz VCO and the output signal of the
frequency tripler circuit when VCO is connected as the fundamental input signal. As can be
seen, the phase noise increases 11.8 dBc/Hz at 1 MHz offset before and after the frequency
tripler circuit. Ideally, tripling the signal will cause the 9.54 dBc/Hz phase noise enhancement
due to frequency transition. Hence, the phase noise contribution due to the proposed circuit

itself is about 11.8 — 9.54 =2.26 dBc/Hz.
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Figure 2.10 The simulation results of the output waveform at 64 GHz
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2.2 Comparison with Previous Works

In the following, the simulation results are compared with the previous works. The main
results of the frequency multiplier are including input power level, output swing, HRR and
power consumption. So far, from the author’s knowledge, there is still not any frequency
tripler circuit implemented using CMOS technology. We can only compare with the published
works which are fabricated using pHEMT or SiGe technology. The simulation results
summary of the proposed CMOS frequency tripler and the comparison with previous works

are shown in Table 2.2 and Table 2.3, respectively.

As can be see, although we use the CMOS technology, the proposed frequency tripler
performs the high output swing and the excellent harmonic rejection ability. A larger HRR can
diminish the harmonic effects that influence the mixer performance. Since the 20-GHz VCO
is available to reach the 4-dBm ‘output power with 1.2-V power supply, this input power is
quite make sense while simulating. From-simulation results, the output voltage swing of the
frequency tripler is larger than 125"'mV.and is enough to turn on and turn off the MOS device
in the mixer stage. To deserve to be mentioned, the power consumption is much smaller than

others and has great potential to implement the low power front-end circuits.

Table 2.2 Post simulation summary of the proposed frequency tripler

Technology 0.13-um CMOS 1P8§M
Center Frequency 60 GHz
Input Power (20 GHz) 4 dBm
Output Swing (60 GHz) 270 mV
HRR 1" 31dB
HRR 2" 31dB
HRR 4™ 47 dB
DC Power Dissipation 8.5 mW
Supply Voltage 1.2V
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Table 2.3 Comparison with published frequency multiplier

This work [9] [11] [26]
Technology (um) 0.13 CMOS |0.15 pHEMT|0.15 pHEMT|0.25 pHEMT?*

Sub-harmonic Number 3 3 3 3

Center Frequency (GHz) 60 36 76.5 76.5
Input Power (dBm) 4 9 8.5 17
Output Power (dBm) *#*270 mV -0.4 4.2 0
Conversion Loss (dB) 4.8 9.4 4.3 17
HRR 1st (dB) 31 22 16 24
HRR 2nd (dB) 31 22.1 32 19

HRR 4th (dB) 47 N/A 13 N/A
Power Consumption (mW) 8.5 39.2 N/A 50

Supply Voltage 1.2V 1.5V 25V 2V

** only output swing can be obtained
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First of all, proposed receiver architecture is introduced together with its building blocks.
In addition to the frequency tripler, the receiver requires a low noise amplifier and a
down-conversion mixer. The frequency tripler is implemented by that mentioned in Chapter 2
and the other building blocks will be designed and simulated in the following subsections.
Subsequently, a complete 60 GHz direct-conversion receiver which is integrated by these

building blocks is simulated and the simulation results are presented.

3.1 Receiver Architecture and Design Considerations

Receiver Architecture

Figure 3.1 shows the block diagram-of the proposed receiver. The circuit consists of a
LNA, down-conversion mixers, output buffers and'a frequency tripler. First of all, the RF
input signal is amplified by a LNA which has low noise and sufficient gain to enhance the
signal to noise ratio (SNR). The down-conversion mixer following LNA provides extra gain
and down convert the RF signal to IF by mixing with proper LO signals. To obtain the desired
LO signal, the 20-GHz differential input signal is supplied and through a frequency tripler on
chip, the signal is multiplied to 60 GHz. Because of the poor properties of active and passive
device characteristics at high frequency, this approach can design the high performance
frequency synthesizer at relative low frequency. In other words, by supplying LO signals
using low frequency PLL can promote the circuit to have better phase noise performance and
reduce the power consumption of high frequency pre-scalar. To obtain the output performance

of the receiver, the output buffer is exploited here for measurement consideration.
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Vin

Figure 3.1 The proposed 60-GHz direct-conversion receiver architecture

Receiver Specifications
So far, there is still not a standard specification for 60 GHz band wireless communication

system. From the system requirement, we,eould specify the receiver issues as follows:
The FCC made the 59~64 GHz unlicensed band available for use at first and extended it to
57~64 GHz subsequently. Both of the bands-are widely designed and well applied in different
countries. The 3-dB bandwidth ‘coveérs: from~57 to*64 GHz band are a better solution to
conform each specification. For the sensitivity which can be calculated from IEEE 802.16 [6],
the noise figure requirement of the receiver could be obtained. We note that the sensitivity is
about -65 dBm and the channel bandwidth of 2 GHz drives to a noise figure of 12 dB.
Design Consideration of Transmission Lines

Since the fr of nMOS is about 80 GHz in 0.13-um CMOS technology, the circuits would
suffer from poor performances unless passive resonant devices are utilized in the design. Even
though spiral inductors have better quality factors over tens of gigahertz, the large device
occupied area will cause circuit integration even more difficult. In addition, the substrate eddy
current at millimeter-wave will degrade the overall performance of the receiver. The receiver
at the 60 GHz band usually claims for wide bandwidth in virtue of system requirement.

Although high Q inductors get up to high gain performance, the bandwidth requirement may
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not be achieved at the same time. More significantly, since silicon substrate is neither a
perfect conductor nor good insulator, it would cause some current flow through the substrate.
Magnetic coupling to the substrate significantly influences the inductance value at these
frequencies and requires detailed knowledge of the substrate profile to develop an accuracy
simulation models.

In contrast to spiral inductors, transmission lines (Tlines) substantially confine the
electric/magnetic fields and hence better lend themselves to model. Coplanar lines in CMOS
technology have already been characterized for frequency up to 50 GHz [5]. However, this
structure still occupies large area and is not easy to integration a system. In this work,
incorporates microstrip structures as they interact negligibly with the substrate and can be
modeled more accurately. Meander configuration is applied to the circuit in order to mitigate
the integration perplexity and exorbitant area usage, shown in Figure 3.2. The signal line is
implemented by metal 8 while metal 1 under the signal line is used for being as ground plane.
The ground plane can fully confine the electric.and magnetic fields and eliminate the substrate
induced losses. Comparing to coplanar:architecture, this configuration saves the Tlines area
even more and could alleviate routing difficulties when integrate the circuits.

By using the electromagnetic field simulator HFSS, the s-parameter around 60GHz could
be simulated to compute the equivalent inductance value Lg and interior resistance Rs. The
meander space S may be decided by layout and magnetic coupling considerations. Although
small S can reduce the geometrical length, the mutual coupling between lines will become
larger. In order to make sure how spacing S effect the performance, a simple structure is
established as shown in Figure 3.3. Figure 3.4 plots the line characteristics as S varies from 5
um to 35 um. As expected, Ls and Q increase to some extent when S becomes larger. As this
value increase to about treble the line width (about 15 um), the Quality factor reach to
relatively constant and would not strongly influence the performance. This value is also
acceptable for space consideration with other Tlines.
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For a given meander length S=15 um, there are two parameters that may affect the
inductance value (Lg) and quality factor (Q): total Tline length L and the width W. Figure 3.5
plots the equivalent inductance and quality factor as W varies from 3 um to 12 um while
maintaining fixed total length at 400 um. It can clearly be seen that Ls decreases and Q
increases as the width becomes larger. This is due to the fact that inductance is mainly
determined by the outer magnetic flux generating from the conductor. Consequently, the self
inductance increases when the width diminishes. Moreover, the resistance is inverse
proportional to the width and quality factor can be improved as width become larger. Even
though wider width can obtain better quality factor, it requires longer length to get the desired
inductance and cause more parasitic capacitance. From the simulation results, the
characteristic diminishing returns as W exceeds 5 um. Thus this value of W is chosen in this

work. We can obtain the desired inductance by selecting the appropriate value of length.
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Figure 3.2 Geometrical lengths shortening by using Meander configuration
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Figure 3.3 The test pattern of meander configuration
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Figure 3.4 Inductance and quality factor variation as a function of S
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Figure 3.5 Inductance and quality factor variation as a function of S
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3.2 Low Noise Amplifier Design

Low noise amplifier (LNA) is one of the key blocks in the RF transceiver because it is
the first stage in the receiver chain. Thus, its performance would have great impact on the
entire system. The main functions of LNA are amplifying RF signal receiving from the
antenna, proving input impedance matching and contributing noise as few as possible.
Additionally, to apply to 57 to 64 GHz wideband wireless communication, LNA faces some
news challenges: the performances require broadband gain, wideband input matching and
minimized noise figure must be satisfied simultaneously under acceptable linearity, power
consumption and cost.

So far, most of the reported millimeter wave integrated circuit (MMIC) LNAs cover
this band are implemented by using HEMT or'SiGe process to achieve high ft, high gain and
low noise performance [1]-[3]. Smmce CMOS .technology has the function of low cost and high
integration, several CMOS LNAs above 50 GHz were also reported [4]-[5]. So far, both of
them use three-stage cascode amplifiers. However, the cascode structure requires higher
supply voltage and consumes much more power. Moreover, since the input common-source
device in the first cascode stage cannot provide enough gain, the noise from common-gate
stage is referred to input without noise suppression. Hence the total noise contribution would
be increased.

Here, we propose two kinds of LNAs to receive the V-band RF signal and perform low
power and low noise issues. These methods can improve the noise and power performance
while overcoming the defects of low isolation characteristic. The circuits are described and

simulated as following.
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3.2.1 Design Consideration

With an nMOS fr of about 80 GHz in 0.13-um CMOS technology, the receiver would
suffer from several challenges implementing the 60 GHz wireless communication system.
Besides the wideband gain requirement that covers entire unlicensed 7-GHz band, input
matching, power, stability and noise figure are discussed in the following subsections.

Input Matching

Input matching is an important consideration for connection with external components. A
50-ohm-based approach is quite suitable and has become the conventional approach to
well-matched with instruments. To simplify the input matching network, a common-source
with source degeneration topology is used in both LNAs, as shown in Figure 3.6. Cy; is DC
blocking capacitor and C,.q is the-equivalént pad capacitor at input terminal. The pad
capacitance is designed as small=as possible-to avoid infirm of high frequency performance.

The input impedance can be expressed as:

1
7 =
Nse

i 1 g L
—— +s(L_+L:)+—— +Smi=s 3-1
(s, Plabor =) &

pad S bl gs gs

where Cpaq 1s always very small and Cy, is large enough to have less influence on the input

impedance. Therefore, the equation 3-1 can be simplified to:

Zy = s(Ls+Lg)+L+gLLS
sC,,  Cy (3-2)
= @.L, (at resonance)

At the series resonance of the input circuit, the impedance is purely real and proportional to L
By choosing L appropriately, this real term can be made equal to 50 ohm. If f7 is about 80
GHz, the 50-ohm impedance only requires 100 pH for L. This small inductance can easily be
implemented by using micro-strip line. The gate inductance L, is used to set the resonance
frequency once L is chosen to satisfy the criterion with 50-ohm input impedance. Owing to
the performance of L, will critically influence the noise performance of LNA, we use the
TSMC spiral inductor here which has better quality factor comparing to transmission line.
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Noise Figure

In generally, the noise performance in the inductive degeneration configuration can
obtain the minimal noise contribution_cemparing to the common-gate or cascode topology
[28]. There are four main sources in-inductor-degeneration configuration, thermal noise of
channel current (in,4), gate induced current noise (in ), thermal noise of source resistance
(inors) and thermal noise of output resistance (i, orout). Figure 3.7 shows the equivalent noise

model for the inductor-degeneration configuration. To simplify the analysis, the gate-drain

Chi

/=]

Vdd

Figure 3.6 The input stage of proposed LNA

capacitance (Cgyq) is neglected here.
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Figure 3.7 The equivalent noise model of the inductive degeneration configuration
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From the noise analysis introduced in [29], we know that the four noise sources to the

output noise current in/out at resonance can be written as:

.1, . _ g, JRoC -1 . . »
1n,o,d—E 1n,d, 1n,o,g— > - : ’ 1n,g In,0,Rout=1n,Rout

ja)OCt ]Q’Rs a)()Ct

Em
. lnR ’
J20,C,

lhoRs=

From the deviation, we can get the noise factor of the input stage and be written as:

.2 .2 .2 .2 .2
_l n,o,R +1 n,0,g +1 n,o,d +1 n,0,corr +1 n,o,Rout

F —
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Where Q is the quality factor of the input circuit and can be written as

1 _ 1
2R »,C,

=1+

Q=

L
R+ w,C
(s ng)OI

t

and P is defined as:

C

— gs

Cgs + CgsO

where C,q is non-negligible overlap capacitance between gate and source.

For the circuit designer, variable parameters are Vpp, W, L and V. In general, the
minimum value of L is chosen for higher unit current gain frequency and can achieve lower
noise figure performance. By choosing the limited drain current of the MOSFET, the optimal
value of the channel width and P is selected, since Vpp has been specified on 1.2 V.

Gain and Linearity

Normally, we require large gain and better linearity at the same time to satisfy the circuit
requirements. However, on using the structure of common-source, gain and linearity are
greatly depended on gate bias and would always be a tradeoff. In the V-band, the circuit is
normally designed to promote the gain as large as possible while having appropriate linearity
owing to low g, consideration.
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In order to achieve both of gain and bandwidth requirements, there are several ways to
reach the goal: for example, the method generally used is to vary the capacitance or change
the inductance by switching inductors in RF load. The former is realized by adding
capacitance to change the resonant frequency as needed, which leads to decrease the load
impedance and a wideband gain variation across the band of interests. The latter is generally
considered infeasible due to the nonlinearity of most switches [8]. However, due to respective
low quality factor (Q) characteristics of the transmission-line at desired frequency, the circuit
could naturally reach the enough bandwidth without any additional components. The use of
micro-strip line here can avoid the noise contribution from substrate and by applying ground
plane under the transmission line, more accuracy Tline characteristics can be estimated when
simulating by EM simulator.

Stability of the LNA

The stability of the LNA needs.to be concern since common source structure may cause
potential instability in the circuit.Various. methods of analysis are available for the stability of
the amplifier. The popular way to‘evaluate the stability is examined with Rollett stability

factor [1] defined as

C1+IAP =18, PHS,,P
218, 11S,, |
where A=S,;S,, =S,,S,,

And stability means, defined as

b= 148117 - ISyl +IAP
If K> 1 and b > 0, then the circuit is unconditionally stable, i.e. it does not oscillate with any
combination of source and load impedance. These conditions must be satisfied over whole

frequency range that signals may fall in.
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3.2.2 A0.8-V 70-GHz Three-stage Cascaded

Common-source Topology with Inductive Feedback

Circuit Realization

A three-stage cascaded common-source topology is designed for the proposed LNA. The
complete schematic is shown in Figure 3.8. The first stage is designed to provide a better
noise figure performance and the second and third stages are designed to increase
amplification. As a direct consequence of the use of common source structure in the proposed
LNA, the voltage can be reduced to 0.8 V, which is much lower than for the cascode structure.
Therefore, the level of power consumption can be reduced greatly in the proposed LNA.

The input stage is the most significant part of LNA performance because it dominates the
input matching ability and overall noise performance. Moreover, any gain in the input stage
can suppress noise levels in the-subsequent stages. In order to simplify the input matching
network, a common-source with a source.degeneration topology is applied [6]. Another
advantage of this technique is that"the.noise and input impedance matching at the desired
frequency can be brought closer together by selecting appropriate values for the degeneration
inductor Ls and gate inductor L,. The capacitance Cpyq; is the input pad capacitance which is
always designed as small as possible in order to limit its influence on a received signal. On
the other hand, the Cy; is the input bypass capacitor that is usually designed with large value
to block the dc level and to avoid attenuating the input signal amplitude.

The second stage is used to increase the overall gain performance of an LNA. To reduce
the noise contribution caused by second stage, a conventional common-source topology is
applied because of its high gain and low noise characteristics. In order to achieve a higher

gain, the degeneration inductor is removed from the second stage
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Figure 3.8 The circuit diagram of CMOS V-band LNA

Table 3.1 Detail parameters of 70GHz LNA

M; 12 um /-0.13 um Ls Tline 155 pH

M, 9.6 um /0.13.um Lga | w=3 um r=19 um nr=2

M3 13.8 um/ 0.13 um Cpad 20 fF

L; {| w=3 um r=15 um nr=0.5|| Cy; MIM 11um x 10um

L, Tline 55 pH Ch2 MIM 6um x Sum
L; Tline 165 pH R, 5 kohm
L4 Tline 135 pH vdd 0.8V

The last stage is added not only to provide extra gain but also to match the output
impedance for the measurement requirements. Owing to the fact that the measurement
instruments are 50-ohm system, the output impedance must be transformed from high
impedance to 50 ohm and the characteristics of the drain terminal of MOS M3 must be
changed significantly. Due to the low isolation characteristic of MOSFET at Millimeter Wave

(MMW) frequency approaching fr, the performance of the second stage will also be affected
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by the output matching network thus making the circuit difficult to design. Therefore, a
common-source with a gate-drain inductance feedback is proposed to oscillate the gate-drain
parasitic capacitance of M3 in order to increase the isolation. Hence we can only match the
output impedance by using a dc blocking capacitance Cy, and equivalent pad capacitance
Cpad2 -Thus the output matching can be completed without the use of an additional output
matching network. The inductors L3, Ls and Ls are used to peak the amplified signal to the
desired operating frequency of M;, M, and M3 respectively.

Most of the previously reported multi-stage cascaded LNAs involve a redesign of the
bias voltage of each stage by using blocking capacitors to achieve low power consumption [7].
However, passive devices may also contribute noise and increase the overall noise figure.
Hence, instead of biasing each stage again, a directly supply-voltage is used.

The capacitance coupling between the transmission line and the substrate is often the
dominant source of high frequency loss [8]. In order to reduce substrate induced losses, a
micro-strip structure is used as an'inductive-element due to its shielding effect of the ground
plane. The structure can be realized with Metal 8*as the signal line and Metal 1 and Metal 2
forming the ground plane. In order to accommodate metal density, some space needs to be left
on the ground plane. Therefore, a double-layer ground plane is adopted here instead of a
single-layer ground plane in order to reduce the loss of signal caused by a substrate. The
meandering configuration is used to shorten the geometrical length in order to reduce the
overall chip size. Furthermore, the meandering configuration will increase the quality factor
of the inductors due to its magnetic coupling [9]. The resulting chip size is 0.67x0.57 mm?,

Inclusive of all I/O pads and dummy metal.

41



3.2.3 A 60-GHz Two-stage Low Noise Amplifier

Circuit Realization

The proposed LNA is designed as a two-stage single-ended amplifier that is applied for
60-GHz receiver system. The complete schematic is shown in Figure 3.9. The first stage is
designed not only for input matching consideration, but also make the noise as small as
possible. The second stage is designed for enhance the gain performance and transform the
signal to current to feed to the mixer. Considering the integration requirements, the supply
voltages of each receiver building blocks are given as 1.2 V which is a standard voltage for
0.13-um CMOS technology. Comparing to the supply voltage of 0.8 V that mentioned above,
this supply voltage leads the cascode structure available to use and could lead to improve the
performance. Although the supply voltage is increased but there are only two stages used here

and by limiting the gate bias, the power consumption could also be restricted.

VDD

L3 .
Mixer Input

C
M3 o™

L2

IENNE)

Figure 3.9 The circuit diagram of CMOS 60 GHz LNA

42



Table 3.2 Detail parameters of 60GHz LNA

M; 16 um/ 0.13 um L, w=3 um r=15 um nr=0.5

M, 16 um/ 0.13 um Cpad 20 fF

M; 18 um/ 0.13 um Coh1 MIM 14um x 13um

My 200 um/ 0.13 um Ch2 MIM 4um x 4um

| Y Tline L=155 pH Cp1 > 8 pH
L, Tline L=240 pH Cp2 >S5 pH
L; Tline L=230 pH R, 5 kohm
Ls Tline L=70 pH Vob 1.2V

The first stage dominates the input matching ability and overall noise performance
because the gain of the first stage can suppress the noise contribution from the subsequent
stages. In order to improve gain amd noise performances, a common-source with source
degeneration topology is applied. By selecting the appropriate values of the degeneration
inductor Ls and the gate inductor L, noise and input impedance matching at the desired
frequency can be achieved. The device size and-bias point of the input MOS should be
optimized for best noise performance, of which this stage dominant noise contribution of the
entire receiver. Figure 3.10 shows the simulated NF,;, for different NMOS width.
Considering the bias point of second stage, the Vpg is setting to 0.7 V. The data show that for
W=16 um, the device has best noise performance while achieving reasonable gain. Figure
3.11 is the simulation results of NF;, and maximum available gain (MaxGain) with variation
of gate voltage. As can be seen, minimum NF,;, happens at gate voltage around 0.55 V to
0.65 V and MaxGain achieves relative high when Vgs=0.65 V. Thus, this Vg is chosen in this
work.

So far, most of the previously reported multi-stage cascaded LNAs bias each stage
separately by using blocking capacitors to reduce power consumption [5]. However, the

non-ideal effect and parasitic capacitance of the passive components would also contribute
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some noise referring to the input and increase the overall noise figure. Moreover, the dc
blocking capacitances also cause a signal decrease due to the parasitic capacitance of the input
MOSFET and therefore the small signal gain decreases. To solve this problem, the dc voltage
of the second stage is appropriately designed by using a PMOS load M4 as shown in Figure
3.9. The capacitance Cy; is a bypass capacitance which provides an ac ground path at the
drain of My, This approach could be achieved without additional dc bias pins between first and
second stage and makes the circuit more flexible to design.

The second stage is implemented by using a cascode structure as the other gain stage and
this provides the output current to the next stage. The conventional cascode structure provides
the advantages of a low noise figure, a high gain and a high reverse isolation at a frequency
much lower than fras shown in Figure 3.12(a). However, at the frequency round 60 GHz, the
pole at the drain of M; shunts the RF current to ground, hence degrading gain and raising the
noise contributed by M,; as a result, the performances of gain and noise are degraded. The
inductive peaking technique could resonates.the parasitic capacitance at drain of M; and
overcome the signal loss problem;-as.shown-in Figure 3.12(b). Therefore, the inductive
peaking technique is applied in this study to resonate with the parasitic capacitance at the
drain of M, and to improve the performance of this stage. This scheme not only provides
better noise and gain performances but it also improves the degree of isolation. Comparing to
the LNA introduced above, using this structure could replace the large feedback inductor
(about 470 pH) to small peaking inductor (about 240 pH). This small inductor could be
implemented by transmission line that could greatly reduce the chip area and is superior to
integration. The capacitor C; is used to block the DC from ground here.

To reach the maximum gain around center frequency, the inductors L;, L, and Lj are

used to resonate with the capacitance at the drain of M;, M,, M3, respectively.
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Figure 3.12 (a) Conventional and (b) Proposed circuit diagram of Cascode topology

3.2.4 Simulation Resulis.of LNAs

Post-simulation is completed by-ADS-and EM simulator HFSS with process parameters of
TSMC 0.13-um mixed signal 1P8M salicide 1.2 V/2.5 V RF SPICE models. LNA is the first
stage of this receiver and provides 50-ohm.input matching, voltage gain, low-noise
contribution, and sufficient linearity for minimum distortion to the receiver in the frequency
bands of interests.
7t A70 GHz Three-stage Cascaded CS LNA

Figure 3.13 shows simulated input/output (IO) return loss of proposed LNA under TT
corner. It reveals that under the operating frequency, the simulated S11 and S22 are lower than
-10 dB from 67.5 to 80 GHz and 67.5 to 72 GHz, respectively. Figure 3.14 plots the simulated
small signal gain from 60 to 80 GHz at 0.8-V drain bias with total current of 7.5 mA. It shows
that peak gain could achieve 13.2 dB at 69 GHz while covering 7 GHz 3-dB bandwidth from
66 GHz to 73 GHz. The noise figure performance at the same bias point is shown in Figure
3.15. and exhibits a noise figure lower than 5.3 dB from 66 to 74 GHz with a minimum of 4.9

dB at 69.5 GHz. Fig 3.15 exhibits the simulated input 1-dB compression point (P45) to obtain
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the input power when gain drops 1 dB and is about -17 dBm when Vpp is given to 0.8 V. In
order to ensure the stability of the LNA, Rollet stability factor and stability measure
parameters are reexamined. The simulated stability factor is greater than 1 and stability means
is positive which means that the circuit is unconditionally stable as shown in Fig 3.16. The

summary of the proposed 70-GHz LNA is listed in Table 3.3.
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Figure 3.13 Simulated I/O return loss of the proposed 70-GHz LNA
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Figure 3.15 Simulated NF of the proposed 70-GHz LNA
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Table 3.3 Post simulation summary of the 70GHz LNA

Technology 0.13-um CMOS 1P§M
Center Frequency 68.5 GHz
3dB Band-width 66~72.7 GHz
Gain 13.2dB
NF 4.9 dB
Piap -16.8 dBm
Power Dissipation 6 mW
S11 [dB] <-13dB
S22 [dB] <-16 dB
Supply Voltage 08V

¢ A 60 GHz Two-stage LNA circuits of Receiver

Resembling to the circuit mentioned above, we list the simulation results that LNA in
entire receiver chain concerns about. Comparing to the previous work which matches the
output impedance to measurement ‘instruments (50 ohm), LNA in the receiver chain must
matching output to mixer input. Moreover, the'supply voltage in the circuit is chosen as 1.2-V
to integrate with other building blocks of ‘the‘receiver. Figure 3.18 and Figure 3.19 plots the
simulated input return loss and small signal gain from 50 to 70 GHz while consuming 4.8 mW.
The input return loss is better than -10 dB between 58 GHz and 71 GHz and voltage gain is
higher than 9.5 dB from 56 to 65 GHz with a peak gain of 12.3 dB at 61 GHz. The NF
performance of proposed LNA is shown in Figure 3.20. As can be seen, the NF is lower than
4.5 dB over desired frequency band (57 to 64 GHz) and may achieve minimum value of 4.3
dB at 61 GHz. Figure 3.21 shows the P,4p is better than -13.5 dBm when using 1.2-V power
supply and 0.63-V gate bias. At last, the stability factor and stability measure are shown in Fig
3.21 to ensure the circuit is unconditionally stable. The summary of the proposed 60-GHz

LNA in entire receiver chain is listed in Table 3.3.
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Figure 3.19 Simulated voltage gain of the proposed LNA of 60GHz receiver
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Table 3.4 Post simulation summary of the 70GHz LNA

Technology 0.13-um CMOS 1P8§M
Center Frequency 61 GHz
3dB Band-width 56 ~ 65 GHz
Gain 12.3dB
NF 4.3 dB
Piap -13.2 dBm
Power Dissipation 4.8 mW
S11 <-15dB
Supply Voltage 1.2V

53



3.3 Down Conversion Mixer

Down-conversion mixer is the circuit block following the LNA in the receiver chain
and converts the RF signal amplified by the LNA to the lower IF signal. With proper
selection of the LO and the RF frequencies, the signal at frequency of interests can be
obtained. Besides providing adequate conversion gain with acceptably low noise, linearity is
also a critical consideration which dominates the entire receiver linearity greatly. According
to Farris equation, the noise of mixer could be suppressed by the gain of LNA. But with an
NMOS property in 0.13-um CMOS technology, it becomes somehow difficult to obtain the
sufficient gain at desired frequency that we still desire the noise as small as possible to
enhance the receiver performance. At last, common-source buffers follow by mixer output is
designed for measurement requirement. Figute,3.23 is the simplified circuit diagram of the

proposed mixer.

load load

Ohtput

Cutput
i Buffer WP

Butfer

LO+ _I
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Figure 3.23 Circuit block of the proposed down-conversion mixer
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3.3.1 Design Consideration of Mixer

The proposed mixer is realized by a single-balanced mixer here. Differential output is
preferred for higher conversion gain which is twice of single end and more immunity to
RF-IF feed-through. Otherwise, any strong interferers at RF port will undergo
inter-modulation. For the same power consumption, the input referred noise of the single
balanced mixer is less than that of double-balanced architecture. A main drawback is high LO
to IF feed-through, which may desensitize the subsequent stage. To analysis the mixer
performances, two of the most importance parameters, linearity and conversion gain is
discussed here in the following subsections.

Linearity

As same as amplifiers, 1-dB comipressién,point defines the upper limit of a mixer’s
dynamic range. The compression:in a mixer can.oceur due to two reasons: the limitation of
voltage headroom or due to odd order nenlinearity. Though the third order intercept point
(ITP3) measures only the third ordér nonlinearity, high order harmonic nonlinearity should be
considered where higher input power is available. A balanced structure could normally
suppresses even order distortion and enhance LO to RF isolation. However, the benefits of
balanced structure would be degraded due to device mismatch in the RF path. For direct
conversion application, even order distortions also need to be considered because even order
harmonic of LO signal would also be translated to DC level due to even order of RF signal.
Thus, we applied the circuit to translate the RF signal to very low IF signal such as 50 MHz to
avoid this kind of distortion. Besides reducing the harmonic effect, the over-all linearity of the
mixer can be improved by providing enough headroom.

The available headroom in most cases is limited by Vpp, especially in deep-submicron
technology with low supply voltage which would greatly restrict the output voltage swing.

The available voltage headroom is mainly depended on bias conditions and choice of load
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resistance. Thus the available headroom can be expressed as V,

headroom

= Voo~ Vosmin - Vs » Where

DSmin X

Vx is the voltage drop of current source and Vi . = V-V o< \/E for a long channel and

Smin

approaching to V,

psmin = Vas~Vu o< I for short channel due to velocity saturation. By
appropriate selecting the DC bias condition, the entire linearity performance can be improved.
Taking away the gm stage in proposed mixer, the linearity limitation cause by g, stage
would no more need to be concerned. This approach can eliminate the trade off between
linearity and noise figure and may have better linearity comparing to Gilbert cell mixer

Conversion Gain

To simplify the analysis, we could consider the differential pair in the mixer stage as

2
ideal MOS switches which translate the signal to IF and degrade the amplitude to —. From the
V4

mixer architecture of Figure 3.23, therinput Signal amplified by LNA would see the input

. 1 . : . . .
impedance of —|| R, which Rg'means the equipment resistance that inductor resonates with

m

parasitic capacitances of MOS. The small'signal current that flows to the load impedance can

. 1 : : : .
be expressed as i, =v, / (—] and the conversion gain of mixer could be written as
Em

CG=2¢ R 2=JKIR >
T T

where g, is the trans-conductance of differential pair and Ry is the output resistance of mixer
load. Considering finite output resistance of the MOS in the switching core, the load

resistance would change toR, =r, || R Hence, we could increase the Ry, and MOS size of

Load *
differential pair to enhance the conversion gain. In contrast to the gain enhancement while
increasing Ry, the linearity would be obviously reduced due to the headroom reduction caused

by IsRy and they would be trade-off. Hence we should determinate the appropriate value of Ry,

gm and bias current to achieve the required performance.

Since the differential pair is taken as ideal switch, the LO signal must be an ideal square
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wave that could perfectly switch the MOS to turn-on and turn-off. However, the LO signal is
a sine-wave not a perfect square wave, thus we need to increase the amplitude to make the

MOS to perform better.

Noise Figure

Noise analysis of the mixer is much more complicated due to frequency translation. The
noise in the mixer is generated due to the switching quad and load resistance. The noise in the
proposed mixer is dominated due to the thermal noise of switching quad and load resistance.
The high frequency noise contributed from the current source My, would be filtered out by the
bypass capacitance Cp; and would not affect the mixer noise performance. Comparing to
conventional Gilbert cell mixer, which is contributed from trans-conductance stage, switching
quad and load resistance, this architecture eliminates the noise contribution from
trans-conductance stage and greatly'reduce.the entire noise figure. While the mixing operation
takes place, noise associated with the RF band is down converted to the IF band along with
the signal, and flicker noise is up-conyerted to the LLO band. Since for 60GHz application, we
expected to down convert to 50 MHz band; noise contribution due to flicker noise is neglected

here.

The noise in the IF frequency at load of mixer would translate to RF frequency by
mixing with LO signal. The load of mixer chooses to be resistance instead of PMOS load here

to avoid the flicker noise contributed from MOSFET.

The MOSFET in the switching pair contribute noise only when they are in the “on” state.
The output noise current produced by a single transistor in the switching core is given in
[k-band 77] as:

1

N

2 =4KTy,

LO

Where vy, is channel noise factor for NMOS device and Is means the bias current for switching
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core and Vi is the LO swing that supplies to gate. Though this simple expression is
independent of the device width, in reality the noise due to this switching core increases with
the increase of the device size [41]. As the LO generates several higher harmonics along with
the fundamental frequency, those higher harmonics down-convert noise in the incoming input
signal to IF band as shown in Figure 3.24. Thus the total output noise voltage of the mixer can

be expressed as:

_4KTy, S R4V,
7V, '

LO

+V

Total noise voltage V... =V. Load

0. switching noise

where noise due to the load resistance is:

V? =8KTR,

Since the total mixer output noise is obtained,'he noise figure can further be acquired by

W

NF b
8 CG?4KTR,

Mixer

=101

~ 101ogI VEZAKTR, (g R, > ) ]
T

Generally speaking, noise figure would be larger than this if flicker noise and substrate noise

are considered.

G
1
Harmonics
113
Tus
kY —_—
IF fLo fio fsLo Frequency
— —

Figure 3.24 Frequency translation of white noise from mixer input MOS
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3.3.2 Circuit Realization of Mixer

Figure 3.25 is the complete schematic of the proposed mixer composed of core circuit
and output buffer pair. The CMOS active mixer is realized by differential pair with a current
source that supply stable DC current to the core circuit of mixer. The LNA output current

enters the source of the differential MOS pair M, .

To increase the mixer linearity by alleviating the output signal headroom, the current
mode interface between the LNA and mixer presented in [6] is used in this study. In a
conventional architecture as shown in Figure 3.26, the LNA output voltage is fed to the g,
stage of the mixer and transfer to the current. This architecture leads to less degree of
freedom when the noise performance and the dc biasing margins are to be optimized. To
achieve better thermal noise performance and higher g, value from the input transistor, a
high biasing current may be required.- However, the flicker noise of the mixing transistors is
a dominant source of noise, which can be reduced by reducing the bias current of the mixer
[4]. These are conflicting requirements. Moreover, the gate overdrive voltage of the input
transistor needs to be large to get better input linearity. For low voltage designs, there is
limited headroom to allow large enough voltage in this circuit.

The interface between LNA and mixer is shown in Figure 3.27, it avoids these
limitations and the complete scheme of the proposed mixer is shown in Figure 3.25. The
trans-conductance stage which converts the voltage signal to current signal in a conventional
Gilbert cell mixer can be removed. The RF current is coupled from the output of the LNA
through the dc blocking capacitance and fed into the source of the differential pair to mix
with the LO signals. The separate bias currents are provides for the LNA and mixer that
allows independent optimization for the noise in the two blocks. Because the proposed mixer
operates on a switched current principle, the MOS M; and M, are turned on and off by the

differential LO signal and each time the switches change position in tandem, the direction of
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the small signal current through the load resistor reverse. The headroom requirements are
also relaxed here because the tail current source in the mixer does not influence the linearity,
and hence can have much smaller gate-overdrive.

A current mirror implemented by My, generates the desired dc current to the
differential pair. To avoid the noise contribution from the current source, a large bypass
capacitance Cy, is applied to filter out the flicker noise. The inductor Lg is used to resonate
with parasitic capacitance at the source terminal of M, at the desired frequency. This
inductor could reduce the signal loss caused by the parasitic capacitance The capacitance
Cpip2 and Ry 12 function as a low pass filter to extract the undesired signal. Due to the
low-pass characteristics of the filter, the LO to IF isolation can be markedly improved. To
reduce the IF signal loss resulting from the low pass filter at the output of the mixer, the pole
of the filter needs to be selected .appropriately. For measurement considerations, MOS M;3;
and My are used as unit-gain buffers to drive the S0-ohm measurement system.

In comparison with a conventional_mixer, the proposed mixer has the following
advantages. First, the noise figure 1S:better due-to‘the absence of the noise resulting from the
input stage in a conventional mixer. Second, the supply current only needs to provide the
mixing stage M, in this case and the dc current can be reduced to improve the noise
performance even more. Finally, an improvement in linearity is expected due to the
enhancement of headroom and input stage that dominates the linearity of a conventional
structure. The resistance Ry, enhancement results in an increase in conversion gain but a
decrease in the DC voltage at the output nodes. In short, there is a trade-off between

conversion gain and linearity.

To improve the linearity of entire receiver, we desire the circuit to have the linearity as
large as possible while approaching acceptable value of gain. As mentioned above, the

headroom is one of the most importance parameter that effecting the entire linearity. To

60



improve the headroom, considering the Vpgg,: 0f My is about 175 mV, we designed the Vpg to
be 225 mV which is minimum value that ensure the MOS to operate in saturation region and
provide fixed DC current. Because of dc drop causing by supply current and Ryoad (IsRioad) 18
another issue may expense the headroom, we degrade the dc current to about 0.7 mA to

enhance the linearity.

An increase in Ry, results in an increase in conversion gain but a decrease in the DC
voltage at the output nodes. In short, there is a trade-off between conversion gain and linearity.

The detail device parameters of proposed mixer are list in Table 3.3.

Vpp_Buffer Vpp_Buffer
VDD
R 1L R
[ “tE
C
M3 L M4
=~ — -
'"L'Eil""l t Lo-
VDD
LNA output-======---
Rk

Figure 3.25 The circuit diagram of the proposed down-conversion mixer

Table 3.5 Device parameters of the down-conversion mixer circuit

M. 16 um/ 0.13 um Ry 1.1 kohm
\Y EW 36 um/0.13 um Rk 5 kohm
My, 4um/0.35 um Cpi12|| MIM 8um x 8um

M, 24 um/ 0.35 um Cpz4 || MIM 20um x 20um

Ls Tline L=200 pH Ch1 >S5 pH

Vob 1.2V
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Figure 3.26 The circuit,diagram of the conventional Gilbert cell mixer
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Figure 3.27 The circuit diagram of the proposed LNA/mixer interface
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3.3.3 Simulation Results of Mixer

The performance of proposed mixer is simulated under the circumstance of 50-ohm input
and output matching to compete with LNA output and measurement instrument. Figure 3.28
shows the simulated NF of the down-conversion mixer, the IF is selected to 50 mega hertz by
varying input RF frequency from 50 GHz to 70 GHz. As can be shown, the simulated NF is
lower than 9.5 dB across unlicensed band and the minimum NF could achieve lower than 8.5
dB. This noise performance is much better than conventional Gilbert cell mixer and be
modified Gilbert cell mixer [4]. The circuit in the receiver chain exhibits conversion gain of
12.5 dB as shown in Figure 3.29 while the mixer core draws 0.9 mA. At last, in Figure 3.30,
the simulated Pjgg is expressed which is about -11 dBm and a summary of the

down-conversion mixer is listed in Table 3.4.
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Figure 3.28 Simulated noise figure of the proposed mixer
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Figure 3.29 Simulated conversion gain of the proposed mixer
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Figure 3.30 Simulated input 1dB compression point of the proposed mixer
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Table 3.6 Post simulation summary of the proposed mixer

Technology 0.13-um CMOS 1P8SM
Frequency 60 GHz
3dB Band-width 54 ~76 GHz
Gain 12.5dB
NF 8.5dB
Piap -11 dBm
Power Dissipation 0.8 mW
Supply Voltage 1.2V

3.4 Simulation Results of Receiver Front-end

The entire receiver consists of the foregoing circuit blocks: LNA, down-conversion
mixer, frequency tripler and output buffers: .Moreover, this design is aimed at on-wafer
measurement; the bonding wire effects-is out’of concern and parasitic capacitance resulting
form input GSG pad (60*60 um?® with pitch-of 100 um) is taken into concern that is simulated
to be around 20 fF within the operating frequency;.the input and output impedance is matched
to 50 ohm for measurement consideration. “To avoid the voltage signal division caused by
blocking capacitance and for supply pins consideration, the gate bias of the differential pair in
mixer is realized by dc current following through the preceding stage in tripler resistance

instead of re-biasing which uses dc-blocking capacitance and additional bias pin.

The simulation results are expressed as IF signal at 50 MHz and frequency between 57
GHz to 64 GHz which we are interested in. Figure 3.31 plots the simulated power gain and
Figure 3.32 plots simulated noise figure of entire receiver front-end. The power gain is higher
than 22.5 dB with a peak gain of 24.4 dB at 61 GHz and the noise figure varies from 7.8 dB to
8.2 dB where the minimum noise could also be achieved at 61 GHz. The linearity Pgp is
illustrated in Figure 3.33 across the unlicensed band. The linearity performance of P4 is

between -21.4 dBm to -22.8 dBm according to gain variation. The linearity of the entire
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receiver is limited by mixer circuit because the LNA already provides some gain and

enhances the input signal of the mixer.

The input LO power of frequency tripler would extremely influence the entire
performance. As the input power level of fundamental LO signal increase, the frequency
tripler could result to higher output power and lead the switching pair in mixer operates more
resemble to ideal switch. Figure 3.34 and Figure 3.35 are plots of the simulated output power
and noise figure versus fundamental LO input power from -10 dBm to 10 dBm at 60 GHz.
The figure shows that from -10 to 2 dBm, the conversion gain increases with increasing of
input power and tends to be saturated as the power level above 4 dBm. Finally, the output
transition waveform is shown in Figure 3.36, and Table 3.7 and Table 3.8 list the summary of
the post-simulation results with process and temperature variations. At last, performances are

comparing with recently published.papers,which aré listed in Table 3.9.
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Figure 3.31 Simulated conversion gain of the direct-conversion receiver
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Figure 3.34 Simulated otitput powei' as-a function of LO input power at 60GHz
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Figure 3.35 Simulated noise figure as a function of LO input power at 60GHz
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Differential IF waveform
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Figure 3.36 Differential IF output waveform

Table 3.7 Post simulation summary of the receiver front-end with corner

Post-Simulation FF TT SS
Frequency [GHz] 56~65 56.3~65.5 56.9~65.3
Rx Gain [dB] 25.6 24.4 229
NF [dB] 7.5 7.7 8.3
P1dB [dBm] -23.9 -22.8 -20.9
LNA Gain [dB] 12.5 12 10.1
LNA NF [dB] 4.1 4.4 53
LNA Power [ mW] 7.2 4.8 3
Mixer Gain [dB] 10.8 12 12.6
Mixer NF [dB] 84 8.8 10.6
Mixer Power [mW] 1.2 0.95 0.8
Rx Power [mW] 20.6 14.4 10.3
S11 [dB] <-15 <-15 <-15
Supply Voltage [V] 1.2 1.2 1.2
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Table 3.8 Post simulation summary of the receiver front-end with temperature variation

Post-Simulation 0 25 100
Frequency [GHz] 56.1~65.6 56.3~65.5 57~64.3
Rx Gain [dB] 25.3 24.4 19.8
NF [dB] 7.4 7.7 9.2
P1dB [dBm] -22.4 -22.8 -22.9
LNA Gain [dB] 12.5 12 10.1
LNA NF [dB] 4.1 44 5.3
LNA Power [mW] 4.6 4.8 54
Mixer Gain [dB] 12.8 124 9.7
Mixer NF [dB] 8.4 8.8 10.6
Mixer Power [mW] 0.94 0.95 1
Rx Power [ mW] 12.8 14.4 15.1
S11 [dB] <-15 <-15 <-15
Supply Voltage [V] 1.2 1.2 1.2

Table 3.9 Post simuldtion-summary and compassion of the receiver front-end

Reference (4] [6] This work
Frequency (GHz) 57.5~64 57~63 56-65.5
LNA Gain (dB) 13.2 12 12
LNA NF (dB) 4.6~5.4 8.8 4.3~4.7
LNA Power (mW) 4.8 43.2 4.8
Mixer Gain (dB) 12 -2 124
Mixer NF (dB) 18.5~19.5 13.8 8.8~9.5
Mixer Power (dB) 1.1 24 0.95
Receiver Gain(dB) 28% 11.8 24.5
Receiver NF(dB) 12.5 10.4 7.7
P14B.in(dBm) -22.5 -15.8 -22.8
IF Amplifier Yes Yes No
0.13-um 0.13-um 0.13-um
Technology
CMOS CMOS CMOS
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Chanter 4
Experiment Results

The proposed direct-conversion receiver for 60-GHz application and a 70-GHz LNA is
designed and fabricated using TSMC 0.13-um CMOS process. This chapter presenting the
chip layout, test environment, and experiment results. Measured performance is compared

with post-simulation results and discussion which is made for further study.

4.1 Layout Description

This receiver chip is fabricated using TSMC 0.13-um CMOS 1P8M copper process with
eight metal layers, in which ultra thick metals,seventh and eighth layers, are implemented for
mixed signal / RF applications. By using this technolegy, an inductor with high quality factor
and lower parasitic capacitance ¢an be implemented. Besides, all NMOS devices are arranged
with deep n-well device which allows the connection of source and body terminals to avoid
body effect. Dummy gates and dummy resistors are equipped at the margin of every MOS
device to cope with process variation. The MIM capacitor in this technology provides two
kinds of arrangements: with or without under ground metal shielding. The former has high
immunity to substrate noise and the latter presents less parasitic capacitance. Meanwhile, the
spaces between the transmission lines are more than three times that of the line-width with
other transmission lines to prevent mutual inductance. Moreover, we comprise ground plane
metal to avoid the substrate induced loss.

The chip is designed for on-wafer probing measurements. Hence all the pad pitches must
be designed to compete with the RF and DC probes. Moreover, the pad sizes are designed as
small as possible to reduce the parasitic capacitance that may degrade the performance. The

LNA and receiver layouts are shown in Figure 4.1 and Figure 4.2, respectively.
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In LNA layout, due to the small core circuit of the LNA, the chip area is limited by the
DC pads and RF 1/0O pads. This cause the signal line much longer than required and the
performance may a little bit degrade. To realize the more accurate inductance model of the
transmission lines in simulation, the EM simulation of the each micro-strip transmission lines
and interconnections between stages are simulated by using EM simulator, Ansoft HFSS.
Moreover, to stabilize the DC supply to the circuit, large amount of the bypass capacitances
are also implemented by using the metal sandwich capacitance (M;M3;MsM; for ground and
M,;MsMeMg for DC bias). By applying metal sandwich capacitance, we can implement the
bypass capacitance large than 10 pF on chip. The resulting chip size is 0.67x0.57 mm?,
Inclusive of all I/O pads and dummy metal.

In receiver design, symmetric layout is important to keep balanced of differential mixer
LO input and IF output signals to reduce the mismatch. Because this chip requires six power
supplies to supply the LNA, mixer and frequency tripler circuits, the 6P DC probe with
150-um pitch must be applied here. This limits_the chip length because large space between
six pads must be required. Furthermore, since both of the LO input and IF output are the
differential, the GSGSG probes is also applied here and it also requires 150-um pitch between
each pads. The chip width is limited by GSGSG pads and the area is much larger than core
circuit. In order to make the signal path as short as possible to reduce the parasitic capacitance
and induced inductance, the RF GSG pad and LO GSGSG pad are placed inside the whole
chip instead of its fringe. This makes the signal path length reduction of at least 400 um and
can reduce the non-ideal interconnection effects. The entire chip area is 1.2 mm®.

Besides the DC bypass capacitance, the receiver circuit also requires some bypass
capacitance to provide the ac ground node to the circuit. However, this capacitance is much
more critical than DC bypass capacitance because it will dominate the circuit performance.
Hence, we draw the bypass capacitance as large as possible to more close to ac ground point.
From simulation results, each of them can achieve larger than 5 pF.
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LNA Mixer

Figure 4.2 The 60-GHz receiver layout view.
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4.2 Measurement Consideration and Setup

The proposed 70-GHz LNA and 60-GHz receiver chips have been fabricated and
measured to verify the circuit performance. Some of the circuit parameters are measured at
our laboratory and the others are measured at National Nano Device Laboratories (NDL) or
National Chip Implement Center (CIC) due to instrument requirements. In the following, we

introduce the measurement consideration and setup of the two chips respectively.

4.3.1 Measurement of 70-GHz Low Noise Amplifier

The LNA chip is bared die and measured directly on-wafer. The chip microphotograph is
shown in Figure 4.3 and the measuring environments are shown in Figure 4.4 and Figure 4.5.
The S-parameters of the circuit can be theasuréd.at NDL using HP 8510XF network analyzer
to obtain the I/O return losses, power- gain:- and. reverse isolation characteristics. Since the
minimum input power of the network, analyzer is -15 dBm and excess the simulated 1-dB
compression point of the LNA, the measured power gain may be underestimated. So, the
power gain is re-measured to obtain the accurate value before gain compression.

The circuit power gain is re-measured by using the signal generator of HP E8257D
cascading with V-band source module to up-convert the input signal to the desired frequency.
The output signal is down-converted and observed the output spectrum by using HP 8563E
spectrum analyzer. The RF I/O pads are directly probed with CASCADE ACP-50-GSG-100
probes. All of the DC supplies are implemented on chip and DC pads are probed using
150-pitch PGP DC probes. In addition, by using the attenuator, we can vary the power of
input signal and observe the input 1dB compression point. To compensate the signal power
loss in the input and output path in the frequency of interest must be measured firstly. After
compensate the power loss caused by cables and probes, the actual power gain of the LNA

can be calculated.
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So far, there are two approaches to measure the noise figure and can give nearly the same
noise figure results [4]. One is applying a noise source and obtaining by a noise analyzer. But
a high frequency noise source and noise analyzer is required in this case. The second
approach is obtaining the difference between the input and output SNRs (all in dB).
Nevertheless, this method only can apply in a high gain circuit otherwise the output SNR will
be affected by instrument. Moreover, the noise contribution due to V-band source module and
down-conversion mixer is another concern. Since the power gain of the LNA is not high
enough, the SNR ratio method may not a good choice.

So far, we do not have enough instruments to exact measure the noise figure and the 11P3
performance. Besides the noise figure instruments, the IIP3 measurement requires two V-band

source modules and two attenuators to generate the desired input power. These instruments
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are under setup in our laboratory and can be
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Figure 4.3 Chip microphotograph of the LNA
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Figure 4.5 Measuring environment at NDL
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Figure 4.8 Instrument setup for LNA noise analysis
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4.3.2 Measurement of 60-GHz Receiver

The fabricated chip is measured on-wafer using high frequency probes. The chip
microphotograph is shown in Figure 4.9 and the measuring environment is the same as
previous The S-parameters of receiver can be measured at NDL using HP 8510XF network
analyzer. Due to the down-conversion mechanism of the receiver chip, the input and output
signals frequency are not the same and we can only obtain the input return loss here.

To get the power gain of the receiver, we can observe the output power from the
spectrum analyzer. The input is also generated by signal generator cascading with V-band
source module to up-convert the input signal to the desired frequency. In the receiver circuit,
the down-conversion mixer is implemented on chip and the output signal can be directly
observed by spectrum analyzer without-off-¢hip down converter. The input RF signal is
directly conveyed with CASCADBE ACP-50-GSG-100 probe to input GSG pad. Because the
input LO and output IF are differential signals, these signals must be taken from two GSGSG
pads which are conveyed with“CASCADE -GSGSG-150 probes. The LO signals are
generated by signal generator cascading with a transformer to translate the single-end LO
signal to differential. Finally the differential output signal is connect to power combiner to
combine the differential signal to single-end and observed by spectrum analyzer.

There are six DC powers that must be supplied to the receiver circuit which are probed
using 150-pitch 6P DC probe and the additional off-chip dc bias is not required. To measure
the linearity property of the receiver, we can vary the input power and observe the output
spectrum. The power loss induced from the cable and probes must be compensated at desired
frequency to acquire the practical gain of the circuit. Figure 4.10 to Figure 4.13 depict the

measurement block diagrams.
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Figure 4.10 Instrument setup for Rx S-parameter analysis
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4.3 Experiment Results

Circuits are fabricated using CMOS 0.13-um 1P8M CMOS technology with ultra thick
metal measuring 3.3 um. The chip is measured using on-wafer probing. Here we show the

measurement results of LNA and receiver circuit respectively.

4.3.1 Experiment Results of 70-GHz LNA

In the first, the s-parameters of the LNA are measured while the input power is set
constant at -15 dBm. The gate voltage at the input stage of MOS is biased at 0.7 V due to
optimal noise and gain considerations. The circuit is supplied at a 0.8-V supply voltage with
the dc power consumption of 5.4 mW and the chip area is only 0.38 mm? including all the test
pads and dummy metals. The measured gainis plotted against frequency are presented in
Figure 4.14. The measurement shows that-a maximum gain of 9.1 dB at 68.5 GHz and 3-dB
bandwidth covers from 65.1 GHz to 72.3.GHz. The input and output return losses are shown
in Figure 4.15 and Figure 4.16, respectively. Under:the operating frequency, input and output
return losses are 12 dB and 14 dB, respectively.

Figure 4.18 illustrates the linearity performance, Pi4g, of the proposed LNA. With a
0.8-V supply voltage, the input-referred 1 dB compression point (Pgg.in) is -17 dBm at the
center frequency. This result ensures that input power of S21 gain measurement is larger than
Pigg point and the power gain is limited by circuit linearity. Figure 4.19 shows the
re-measurement results under input power of -40 dBm at out laboratory and comparison with
simulation result. It performs that the circuit has a gain of 10.9 dB at 67.8 GHz with a 3-dB
bandwidth of 7 GHz from 65 to 72 GHz. So far, we still cannot measure the noise figure
performance and the measurement result of the noise figure is not shown here. The noise
figure measurement is waiting for the instruments and will be measured in the future. Table

4.1 lists the summary of the LNA measurement and comparison with post-simulation results.
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Table 4.1 Summary of the 70-GHz LNA

Post-simulation Measurement
Technology TSMC 0.13-um 1P8M
Frequency Band | 66.2 ~73.8 GHz 66 ~ 73 GHz 65.8 ~72.1 GHz 64.8 ~ 71.8 GHz
Center Frequency 69.7 GHz 69 GHz 68.4 GHz 67.8 GHz
Corner FF TT SS none
VDD 08V
Gate Bias 0.7V
S11 (<-9.5dB) | 61.7~79.7 GHz | 67.5~78.6 GHz| 67.1 ~77.8 GHz 66.1~ 80 GHz
Gain (dB) 13.1 12.8 11.9 10.9
$22(<-9.5dB) 69.1 ~72.8 GHz |67.7 ~71.9 GHz | 65.4 ~70.7 GHz 66.9 ~70.2 GHz
P4 (dBm) -17.9 -17.3 -16.5 -17
NF (dB) 4.9 5 5.2 <
Power (mW) 7.9 6 4.3 54

Comparing with post-simulation results, the fabricated chip possibly fell on the corner

between SS and TT corners. It is accordance with the DC power consumption under the same

DC bias condition. The proposed circuit consumes 5.4 mW and is between TT and SS corners

that are simulated. The frequency shift of the proposed circuit is around 1 GHz and is less

than 1.5 % when normalized with center frequency. This may come from the process variation

of the transmission line that may not be predicted under simulation. Although we are not

measured the noise figure performance, owing to the input/output return loss and power gain

performance of the measurement result is close to the simulation results, the noise figure

performance around 5 dB can be expected. The actual value of the noise figure can be

measured after the high-frequency measurement instruments arrive.
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4.3.2 Experiment Results of 60-GHz Receiver

The chip is designed and fabricated using 0.13-um CMOS technology with a total die
area of 1.2mm” including all test pads and dummy metal. The circuit is biased at a 1.2-V
supply voltage with current consumption of 3, 0.5, and 6 mA for the LNA, mixer, and
frequency tripler respectively. The circuit dc power consumption is about 11.4 mW excepting
the buffer power consumption.

In the first, the input return loss (S11) of the receiver is shown in Figure 4.20. The
measured S11 is below than -10 dB for frequency larger than 60 GHz. When measure the
other parameter of receiver such as conversion gain and IF-bandwidth, the LO and RF power
levels are set constant at 6 dBm and -40 dBm, respectively. Figure 4.21 shows the measured
conversion gain of the receiver and_ the IF fréquency is chosen as 50 MHz. To observe the
conversion gain of the different RF :|frequency; the LO frequency is chosen as:
LO = (RF—1IF)/3. The measurement shows that 11-dB maximum conversion gain with
3-dB bandwidth covering from 505 to 58.5 GHz.

To evaluate the large-signal behavior of the receiver, the Pi4p i, is measured as shown in
Figure 4.22. The measured Py4p i, is estimated as the receiver gain drops 1 dB and is occurred
when input power reaches -12 dBm. Due to the measurement instrument limitations, the LO
and IF port input return loss and the noise figure performance cannot be measured in this
circuit. However, the LO signal is supplied by signal generator and the LO power can be
enhanced by tuning the signal generator. Since IF output frequency is 50 MHz or 100 MHz,
the output impedance matching can easily be achieved by using the resistance and is not
critical at such a low frequency. Table 6.2 summaries the measured results of the overall

receiver circuit.

86



Input Return Loss(dB)

-
o
L]

Conversion Gain (dB)

-
o
L]

1
[}
T

—#— Measurement Result of 511 I_

44 46 48 50 52 54 56 58 60 62 64 66 68 70 72

Frequency (GHz)

Figure 4.20:Measuréd S11 for the.proposed receiver

16_- —&— Measurement Result of CG I- 16
14| 1 14
12.- - 12
1D.- 410
8l le
6} le
o la
2l ]2
I'J. . 0
46 48 50 52 54 ©bH6 58 60 62 64

Frequency (GHz)

Figure 4.21 Measured conversion gain for the proposed receiver



10 10
5k 45
- 0F 40
nEj L .
o 14 45
~ I
2 -0} 4 -10
o I
o
+ 15} 1-15
o L
5
o 20 4 -20
25 -1 -25
3 . . -, E
_30 A 1 A L 1 A 1 A 1 1 A 1 A _au
45 40 35 30 25 20 -15 -10 5 0
Input power (dBm)
Figure 4.22 Measured Py4p for the proposed receiver
Table 4.2 Summary of the RUT
Post-simulation Measurement
Technology TSMC 0.13-um 1P8M
Frequency band 56 ~65 GHz 56.3 ~65.5 GHz | 56.9 ~ 65.3 GHz 50.5 ~ 58.5 GHz
Corner FF TT SS none
VDD 1.2V
Gate Bias 0.65V/0.65V (LNA/Tripler)
S11 (<-9.5dB) > 58.5 GHz > 58.6 GHz > 58.7 GHz > 60 GHz
LO Power (dBm) 4 4 4 6
Gain (dB) 25.6 24.4 21.8 13.9
P45 (dBm) -23.9 -22.8 -20.9 -12
NF (dB) 7.5 7.7 8.3 &
Power (mW) 20.6 14.4 10.3 114
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4.4 Discussions and Comparisons

From the comparison shown in Table 1, the peak gain frequency of 67.8 GHz is in good
agreement with the design value of 69 GHz. The gain mismatch between simulation and
measurement results may come from the EM simulation inaccuracy. In the other words, the
quality factor of the micro-strip transmission line is not good enough as expected.

All of the T-lines characteristics are simulated using an EM simulator, Ansoft HFSS.
Comparing with another EM simulator, Sonnet, the quality factor of the HFSS is much better
than the sonnet. This may be caused from the dissimilar of mathematical calculation or the
difference of simulation settings. Another factor that may effect the simulation is the
inaccurate active device modeling at high frequency beyond 30 GHz. Since the circuit is
operating under 70-GHz band, the active device, performance may somehow different from
the simulation. Table 4.3 summarizes the previously reported CMOS LNAs operated above 50
GHz and compared with the proposed LNA circuit. The proposed LNA exhibits lower NF and
small power consumption as comparing with other works.

Table 4.3 Comparison of previously reported LNAs for frequency above 50 GHz

7 8
Reference JS S[ C] 05" IS Sé (]: 06’ This work
Frequency (GHz) 51-65 50-58 65-72
Gain (dB) 15 24.7 10.9
NF (dB) 6 7.1 *5.1
Power (mW) 54 72 5.4
P1dBin (dBm) -18 -22 -17
Chip Size(mm?2) 1.3 0.46 0.38
Supply Voltage 1.5 2.4 0.8
Technology 0.13um 0.13um 0.13um
CMOS CMOS CMOS
3-stage 3-stage 3-stage
Topology Cascode Cascode CS

* Simulation Results
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From the comparison between simulation and measurement results which is illustrated in
Table 2, there are large amount differences between them. Main differences are the power
gain mismatch and the frequency shift. Since the power consumption of each stage is
reasonable as comparing with simulation, each building block can be taken as working
normally. Moreover, when obtaining the output spectrum from baseband to RF frequency,
there is not any unexpected signal tone and shows the circuit blocks are not oscillating. From
the output signal spectrum, it also shows the tripler circuit exactly performs the right function
to down convert the RF frequency to the baseband using LO frequency of only 1/3 RF
frequency.

By carefully checking the layout of the circuit, we find out the most critically error is
caused by the schematic wrong in the LNA, as shown in Figure 4.23. This cause the MOS M3
on the cascode stage becomes diode connect and hence, the second stage of the LNA almost
provide 0-dB gain here and greatly reduce the-entire gain. The modified simulation result of
the power gain is shown in Figure 4.24.

Since the schematic error can be eheckedfrom the LVS (layout versus schematic), but
this inductor is implemented using Tline. To LVS, the Tline is nothing more than a metal and
cannot find if the layout is wrong. To overcome this problem, we can choose a given device
model such as resistance to replace with the Tlines to check the LVS. After that, we can put
the Tlines back to the circuit and remove the given device. Finally, check the LVS one more
time. By using this method, we can ensure the circuit layout is completely match to the

schematic when using the Tlines.

90



Conversion Gain (dB)

<
)
S

=
I
I

. EM

C“i §L1

RF Input |
= G L,
Cpad
= Ve

E Mixer Input
Tl
lM3
|_

| L2

r————— — 4

el
th ch2

T

M1

|_
{

Figure 4.23 The schematic error of the ENA circuit in receiver

25 r r r r 1T r rr1 r1rrrrr... r v 1 rr1T 23
. —— Measurement CG ;
20} P ost-simulation Result 4 20
L. —#— Modified Simulation !
15} 415
10 f 410
5t 45
(1] 5 -0
5t 15
A0} 4 -10
_.15 [ 2 L 2 L 2 L 2 [ 2 L 2 L 2 L 2 L 2 L 2 [ 2 _.15

46 48 50 52 54 56 58 60 62 64 66
Frequency (GHz)
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Second, the frequency shift of the conversion gain is discussed. The most probably
reason is the inductance value mismatch with the layout. Observing the layout of the
transmission line, we find that the short length of interconnect between two MOS is
disregarded in simulation, as shown in Figure 4.25. Since the circuit is operating under high
frequency and the resonating inductance is relatively small, a small amount of inductance will
cause the large frequency shift. For example, the resonate inductances at 60-GHz is around
200 pH and if the interconnect has the inductance of 5 pH, the frequency shift will go to about
1.5 GHz. After compensate the interconnection inductance into the circuit, the receiver is
re-simulated and comparing with measurement results. The modified simulation result of the
power gain is shown in Figure 4.26. As can be seen, the center frequency of the receiver is
down to 57 GHz and is closer to the measurement result. Table 4.4 shows the comparison
summary of post-simulation, modifiéd—simulatioﬁ, and measurement results.

Interconnection
/N Inductance

Figure 4.25 The transimission line layout of the receiver
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Table 4.4 Comparison of measturement and modified simulation results
Post-simulation Modified-Simulation Measurement
Frequency band 56.9 ~ 65.3 GHz 53.3 ~61.2 GHz 50.5 ~ 58.5 GHz
Corner SS SS none
VDD 1.2V
Gate Bias 0.65V/0.65V (LNA/Tripler)
S11 (<-9.5dB) > 58.7 GHz > 55.6 GHz > 60 GHz
LO Power (dBm) 4 4 6
Gain (dB) 21.8 16.8 13.9
P45 (dBm) -20.9 -16.5 -12
NF (dB) 8.3 9.3 &
Power (mW) 10.3 10.3 114
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The gain mismatch between the simulation and measurement may also come from the
EM simulation inaccuracy. Moreover, the measurement input return loss at the center
frequency is about -5 dB and the input power cannot perfectly transport to the circuit. This
also causes some of the power gain loss. The other mismatch may come from the LO
imbalance and the inaccurate active device modeling at such a high operating frequency.
Since the receiver is operating under 60-GHz band, the active device performance may
somehow different from the simulation. Consequently, if we have in mind of the above
considerations and fine tune the circuit layout and EM simulation, the proposed receiver can
work as well as expected.

Finally, Table 4.5 presents the comparison of this work and other published 60-GHz
receivers. This work has superior advantage of low noise and low power consumption. More

importantly, by applying the frequency tripler, only.20-GHz frequency synthesizer is required

in this architecture and is suitable for 60-GHz applications.

Table 4.5 Performance Comparison withother 60-GHz receiver

This work | This work [4] [5] [6]
(Measured) | (Post-sim) | JSSC 06’ | ISSCC 07’ | ISSCC 07’
Architecture Homodyne | Homodyne | Homodyne | Heterodyne | Heterodyne
Frequency (GHz) | 50.5~585 | 56.3~655 | 57.5~64 49.5~ 57~63
Supply Voltage (V) 1.2 1.2 1.2 1.8 1.2
Chip Area (mm?) 1.2 1.2 N/A N/A 3.6
DC Power (mW) 114 59+85+F 9 S56+#* 76.8%*
Conversion Gain (dB) 13.9 24.4 28* 31.5% 11.8
Noise Figure (dB) 9.2 7.7 12.5 6.9 104
P14 (dBm) -12 -22.8 -22.5 -25.5 -15.8
IF Amplifier No No Yes Yes Yes
Technology 0.13 um 0.13 um 0.13 um 0.09 um 0.13 um
CMOS CMOS CMOS CMOS CMOS

tincluding tripler =receiver core + tripler (20GHz VCO can be implemented by 8mW)

T1 simulation result *including IF amplifier ** including 40-GHz VCO and divider
***including 29 GHz VCO and doubler
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5.1 Conclusions

Two V-band circuits: 70-GHz LNA and 60-GHz direct-conversion receiver which
consists a LNA, a down-conversion mixer and frequency tripler have been designed,
fabricated and tested in a 0.13-um CMOS technology.

In the proposed LNA, three-stage common-source topology is used instead of cascode
configuration to improve the noise performance. Therefore, supply voltage can be reduced to
0.8 V for low voltage and low power design: The'measured LNA gain is 10.9 dB and the
simulated noise figure is 5.1 dB at 67.8 GHz while the input and output return losses are
lower than -12 dB at center frequency- Eurthermore, the 3-dB bandwidth covers from 65 GHz
to 72 GHz which is suitable for wideband applications. Finally, this circuit can be operated on
a low voltage of 0.8-V and only consumes 5.4 mW with a chip size of 0.38mm?. According to
the comparisons in Table 4.3, the proposed LNA shows low noise, low power and low supply
voltage while achieving reasonable power gain and wideband input and output matching. It is
proved that the proposed LNA is feasible to use it in building fully integrated receiver at
frequency of above 50 GHz.

A 60-GHz CMOS direct-conversion receiver integrated with a frequency tripler is also
proposed. The receiver consists of a two-stage LNA, a single-balanced active mixer, a
frequency tripler, and output buffers. By using a frequency tripler, the operating frequency of
the frequency synthesizer can be reduced from 60 GHz to 20 GHz, so the implementation of

the frequency synthesizer also becomes much easier. According to the measurement results,
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the receiver has power gain of 13.9 dB with 3-dB bandwidth covering from 50.5 to 58.5 GHz.
The input-referred 1-dB compression point is about -12 dBm and the input return loss of -5dB
at center frequency of 54.5 GHz. The simulated noise figure (NF) is about 9.2 dB. The entire
circuit consumes 15.1 mW from 1.2-V power supply.

Finally, the main cause of the malfunction of the receiver has been found and verified
lying in the schematic of LNA and interconnection between MOS to MOS. According to the
comparisons in Table 4.5 Performance comparison with other 60-GHz receiver, the
post-simulation of the receiver shows better performance on operating frequency of 57 ~64
GHz band, low noise figure and low power consumption as compared to other state-of-the-art
works. It shows that the proposed receiver is very suitable to be applied in 60 GHz ISM band
and has the great potential to be integrated with PLLs and baseband circuits. Furthermore, we
believe the proposed method can also be applied to the other high frequency receiver circuit

such as 77 GHz radar or even more high frequency systems.

5.2 Future work

The proposed direct-conversion receiver for 60-GHz ISM applications could be
fabricated again with the modification of schematic error and taken the interconnection effects
into account. To realize the complete homodyne receiver circuits, the I/O mixer and I/Q VCO
can be implemented together with the LNA and frequency tripler circuits. Finally, the 20-GHz
frequency synthesizer may also be included to provide a stable local frequency and form the

more complete system.
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Re-designing the receiver circuit

Besides compensating the layout error and take the parasitic capacitance of the
interconnection lines into account, we also modified the circuit to improve the performances
of the receiver.

At first, in order to reduce the DC bias pins, the scheme of the output buffer is modified to
the open drain structure and the supply voltage can be provided off-chip. Moreover, we also
make the supply voltage of the LNA, mixer and frequency tripler together which provide the
same voltage level in the circuit. Hence, the DC pads can be reduced from 6-pin to 3-pin and
can scale down the entire chip area greatly.

Second, the conversion gain ofithe mixer is'designed as large as possible to improve the
gain performance. Since the larger gain may limit the linearity performance, but from the
experiment, the measurement gain will"be_larger than expected and we can pre-design the
larger gain to compensate this mismatchs

In previous work, the gate bias of the frequency tripler core circuit and frequency tripler
output buffer are co-designed to be 0.65 V, but we cannot just change the gate bias of the core
circuit to observe the maximum frequency transition. Hence, in this case, the gate bias of the
frequency tripler core circuit is also implemented off-chip and we can change the bias point
individually to get the best receiver performance.

Moreover, ground planes of all the transmission lines are implemented by using only M1
as ground plane improve the quality factors. Comparing to use the M;,M, or M,M;,M3 as the
ground planes, the circuit can get the better noise performance and larger gain. The layout
view of the re-designed receiver is shown in (a) and the re-designed receiver performances are
shown in the (b) to (d). The total power consumption of the proposed receiver circuit is 14.2
mW. Finally, the comparison of the previous works are illustrated in Table a.
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Table a Performance comparison with other 60-GHz receiver

This work | This work | This work [4] [5] [6]
(Measured)|(Post-sim)|(re-design)] JSSC 06’ | ISSCC 07’ | ISSCC 07’
Architecture |HomodyneHomodynelHomodyne|Homodyne|Heterodyne|Heterodyne|
Frequency (GHz) {50.5 ~ 58.5(56.3 ~65.5| 55.5 ~65 | 57.5~64 49.5~ 57~63
Supply Voltage (V) 1.2 1.2 1.2 1.2 1.8 1.2
Chip Area (mm?) 1.2 1.2 0.63 N/A N/A 3.6
DC Power (mW) 1.4 [5.9+8.5%| 6.4+7.81 9 56** 76.8*
CG (dB) 13.9 24.4 29.2 28* 31.5* 11.8
Noise Figure (dB)| 9.2t T 7.7 7.6 12.5 6.9 10.4
Pigs (dBm) -12 -22.8 -25.8 -22.5 -25.5 -15.8
IF Amplifier No No No Yes Yes Yes
Technology 0.13um | 0.13um | 0.13um | 0.13um | 0.09 um 0.13 um
CMOS CMOS CMOS CMOS CMOS CMOS

T Including tripler =receiver core + tripler (20 GHz VCO can be implemented by 8mW)

T 1 Modified simulation result

*Including IF amplifier

** Including 40-GHz VCO and divider

***Including 29-GHz VCO and doubler

By re-designing the circuit, the receivercan achieve the noise figure of 7.6 dB, a power
gain of 29.2 dB and P 4p of -25.8 dBm: It only consumes 14.2-mW power and the total chip

area can be reduced to 0.63 mm’. This is suitable for low-power and low noise 60-GHz

system applications.
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