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Introduction

1.1 Background
There are a lot of wireless systems in the world, such as GSM, UMTS W-
CDMA, LTE, WiMax (802.16), WiFi (802.11a/b/g/n), Zigbee, Bluetooth
and Ultra-wide Band (UWB). These wireless systems are widely used in
Wide Area Networks (WAN), Metropolitan Area Networks (MAN), Local
Area Networks (LAN) and Personal Area Networks (PAN). As shown in
Figure 1.1 [1], their data rates vary from about tens of kbps (e.g. GSM
GPRS, ZigBee) to hundreds of Mbps (e.g. WiFi 802.11.n and UWB); their
communication distances range from a few meters (e.g. Bluetooth and
UWB) to several kilometers (e.g. GSM, UMTS W-CDMA and WiMax).

Recently there are plenty of multimedia applications calling for wire-
less transmission at several Gbps over short distances. Examples are wire-
less Giga-bit Ethernet (1.25Gbps), synchronization and high-speed down-
load (as fast as possible), and wireless streaming of high definition video
(2-20Gbps). These will require transferring large amounts of data (e.g.
high quality video signals) between high-definition (HD) video cameras,
game consoles (e.g. Wii, PS3), HD set-top boxes, smart phones (e.g.
iphone), blue-ray high-definition (BD/HD) DVD players, personal com-

1
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Figure 1.1: Overviews of existing wireless systems and the motivation of
this work (SiGi-Spot) [1]

Figure 1.2: Emerging multi-Gbps communication for multimedia applica-
tions.
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puters, digital video recorders, high-definition televisions (HDTV) and so
forth (Fig. 1.2).

These multi-Gbps data rates cannot be accommodated in the tradi-
tional frequency bands below, let us say, 10GHz, without significant ser-
vice degradation. For example, Bluetooth only offers data rates of 1-
3Mbps over 100 meters [2]; WiFi provides 11-300Mbps and is optimized
for a large distance of 30-50 meters [3]. UWB may be a potential can-
didate for the short-range high-speed wireless communication, providing
data rates of approximately 200Mbps over 10 meters [2], thanks to the
large signal bandwidth of at least 500MHz. However, a UWB system has
several disadvantages. First, UWB uses the frequency band from 3.1GHz
to 10.6GHz and suffers strong interferences from WiFi. Second, UWB has
only a limited transmit power of -41.3dBm/MHz, which severely limits the
signal-to-noise ratio (SNR) at the input of the receiver.

Fortunately, sufficient spectral space can be found at millimeter-wave
frequencies, e.g. around 60GHz where around 5GHz of spectral space
has been allocated worldwide for unlicensed use. The transmitted output
power can be up to 40dBm and compensate the free-space path loss. The
60GHz band offers exciting opportunities for applications such as high-
speed short-range wireless personal area network (WPAN) and real time
video streaming at rates of several Gbps [4].

1.2 State of the Art

Traditionally mm-wave radio frequency (RF) technology has been the do-
main of expensive chip technologies based on III-V compound materials
such as GaAs and InP [5]. Recently considerable RF performance at mm-
wave frequencies has been achieved using low-cost silicon-based SiGe [6]
and CMOS [7–10] technologies.

A major issue in designing a high data rate 60GHz radio is the lim-
ited link budget over indoor distances, especially for the non-line-of-sight
(NLOS) situations, due to the high path loss during radio propagation, high
noise figure of the receiver and low output power of the transmitter [11,12].
On the other hand, thanks to the relatively small size of 60GHz anten-
nas, the phased array technique (Fig. 1.3) is an attractive solution to com-
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Figure 1.3: Principle of a phased array receiver.

Figure 1.4: A phased array receiver using RF phase shifting.

pensate the path loss and alleviate the requirements of the RF transceiver
front-ends. In addition to providing electronically controlled beam form-
ing, phased arrays offer a larger effective isotropic radiated power (EIRP)
in the transmitter, a higher signal-to-noise ratio (SNR) in the receiver, as
well as interference suppression [13–18]. This leads to higher system ca-
pacity and larger range, which is highly beneficial to a 60GHz wireless
system.

Phase shifters are essential components in a phased array for adjusting
the phase of each antenna path and steering the beam [19,20]. Phase shift-
ing can be implemented in different parts of a transceiver, such as at RF,
IF, LO or digital baseband.
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© Placing the phase shifters in the LO- [21–23] or IF-path [24–27] re-
quires separate frequency converters for each of the antennas, while
each frequency converter consists of separate mixers, LO buffers and
LO distribution. The LO- or IF-path phase shifting allows for eas-
ier and less critical implementation of phase shifters, but requires
multiplication of many other circuit blocks.

© By placing the phase shifters in the RF path of a receiver/transmitter,
the signals from/to each of the antennas are combined/split at RF,
which shares the frequency converter among the multiple antennas
and results in simple system architecture (Fig. 1.4) [28–31]. How-
ever, programmable phase shifters at mm-wave frequencies (60GHz)
typically have significant losses; and it is difficult to implement a
low-noise amplifier (LNA) or power amplifier (PA) with very high
gain in order to compensate the losses of RF phase shifters.

1.3 Aim of the Thesis
The primary goal of this thesis is to investigate new concepts and design
techniques that can be used for integrated 60GHz phased-array systems.
The implementation of low-loss high-resolution RF phase shifters for an
low-cost low-power RF phase shifting architecture is of particularly inter-
est. In both the receiver and transmitter, the following aspects are taken
into account:

© Analysis of 60GHz system specifications, and the requirements upon
phased arrays and phase shifters.

© Selection among various phased-array architectures for low-cost and
low-power considerations.

© Evaluation of the prior-art RF phase shifters and their limitations.

© Design and implementation of new concepts in RF phase shifters in
order to improve their performance (e.g. operating frequency, phase
accuracy, insertion loss, chip area and power consumption).
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© Integration of the RF phase shifters with other key building blocks
in the transceiver (e.g. low noise amplifier and power amplifier), in
order to evaluate RF beamforming.

© Investigation of the integration of an RF IC and an antenna e.g. in a
printed circuit-board (PCB) technology, as an important step towards
a full 60GHz system e.g. in a package (SiP).

1.4 Scope of the Thesis
Some limitations on the scope of the thesis are explained below:

© 60GHz. Integrated circuits at 60GHz are implemented. This is be-
cause of the worldwide interest in high-speed short-range WPAN
and real-time video streaming at rates of several Gbps. It is worth
pointing out that the concepts can also be applied to other mm-wave
frequencies (e.g. 24, 77, or 94GHz).

© Phased-array techniques with focus on RF phase shifters. This work
focuses on phased-array techniques, especially the design of RF phase
shifters. This is because phased-array techniques can compensate
the path loss and alleviate the requirements of 60GHz RF transceivers;
phase shifters are essential components in a phased array for adjust-
ing the phase of each antenna path and steering the beam. The RF
phase shifters are further integrated with other key building blocks
(i.e. LNA and PA) for evaluation purposes.

© CMOS technology. CMOS technology is selected because it is the
lowest-cost option in volume production, and offers high level of in-
tegration with RF, analog and digital circuits. In this work, a 65nm
CMOS technology is used, whereas the concepts and design tech-
niques can be implemented in other technologies as well.

© General purpose. This work does not aim for a specific target appli-
cation (e.g. WPAN or Wireless HD). Therefore, the proposed con-
cepts and designs are general purpose, and are not optimized for e.g.
a specific signal bandwidth or a specific modulation scheme.
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1.5 Original Contributions
The contributions of the thesis are listed below:

© At system level, analyze various applications at mm-wave frequen-
cies e.g. multi-Gbps data communication at 60GHz; analyze the
system requirements including digital modulation scheme (e.g. FSK
or QPSK), multiple-access scheme (e.g. TDMA) and phased array
techniques; analyze the link budget of a 60GHz WPAN; compare
different phase array architectures that use e.g. RF-, LO- or IF-path
phase shifting.

© At circuit level, analyze the circuit requirements of the receiver and
transmitter such as gain, bandwidth, linearity, noise figure of the re-
ceiver and output power of the transmitter; derive the step-size re-
quirements (e.g. 22.5o) of a phase shifter from phased-array system
simulation of the constellation spreadings of the output signal, as
well as of the radiation patterns of a phased array; analyze several
types of conventional RF phase shifters and their limitations.

© Design and implementation of a 60GHz digitally-controlled passive
phase shifter. It consists of a differential transmission loaded with a
differential MOS varactor at each side. It achieves low cost, simple
design, low insertion loss, a phase-shift step of 22.5o and a phase
shift range of 360o at 60GHz.

© Design and implementation of a 60GHz digitally-controlled active
phase shifter. As compared to passive phase shifters, the active phase
shifter has lower insertion loss (or even gain) and lower variation in
loss.

© Design of a 60GHz two-path receiver in which each path consists
of a low-noise amplifier (LNA), an active phase shifter and part of a
combiner; design of a 60GHz one-path transmitter that consists of an
active phase shifter and a power amplifier (PA). It is straightforward
to scale these designs to more antenna paths. They demonstrate that
RF phase shifting is an appealing technique for low-cost low-power
60GHz phased array systems.
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© Investigation of the integration of a 60GHz amplifier and an antenna
in a printed circuit-board (PCB) package. It demonstrate that an
60GHz amplifier can be integrated with an antenna with good per-
formance.

1.6 Outline of the Thesis
The outline of this thesis is briefly explained below:

Chapter 2 presents an overview of various applications at mm-wave
frequencies. System considerations of mm-wave receivers and transmitters
are also discussed, followed by the selection of semiconductor technology.

Chapter 3 discusses the motivation for phased array technique, and give
an introduction to the operation principles and benefits of phased arrays.
The system requirements of phase shifters are discussed. Different phased
array architectures are compared.

In Chapter 4, several types of conventional RF phase shifters and their
limitations are reviewed.

In Chapter 5, a 60GHz 4-bit passive phase shifter is designed in a 65nm
CMOS technology, and the measurement results are presented.

Chapter 6 presents the design and measurement results of a 60GHz 4-
bit active phase shifter and its integration with a low noise amplifier and a
combiner for a phased array receiver.

Chapter 7 presents the design and measurement results of a 60GHz 4-
bit active phase shifter integrated with a power amplifier for a phased array
transmitter.

In Chapter 8, the integration of a 60GHz CMOS amplifier and an an-
tenna in a printed circuit-board (PCB) package is investigated.

Finally, conclusions and recommendations for future research are pre-
sented in Chapter 9.
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Millimeter-Wave Wireless Communication

Millimeter-wave frequencies often refer to the frequency range from 30GHz
to 300GHz, the wavelength of which is between 10mm to 1mm. There are
several motivations for wanting to use mm-wave frequencies in radio links:

© The radio spectrum at mm-wave frequencies is still rather undevel-
oped, and more bandwidth is available at these frequencies.

© Because of higher attenuation in free space and through walls at mm
frequencies, the same frequency can be reused at shorter distances
distances.

© The inherent security and privacy is better at mm-wave frequencies
because of the limited range and the relatively narrow beam widths
that can be achieved.

© The spatial resolution is better at mm-wave frequencies since the
small wavelength allows modest size antennas to have a small beam
width.

© The physical size of antennas at mm-wave frequencies becomes so
small that it becomes practical to build complex antenna arrays and/or
further integrate them on chip or PCB.

9
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COMMUNICATION

Figure 2.1: Millimeter-wave band allocation in the United States [11].

Figure 2.1 shows the mm-wave band allocation in the United States
[11]. There is 5GHz bandwidth available at the 60GHz band (59-64GHz)
for Industrial, Scientific and Medical (ISM) unlicensed applications. The
24GHz band (22-29GHz) band and 77GHz band (76-77GHz) are currently
assigned to automotive radar. Fixed point-to-point communication links
can use 71-76GHz, 81-86GHz and 92-96GHz that need a license in the
USA from The Federal Communications Commission (FCC). The mm-
wave frequenciy bands offer many new products and services, for example:

© The large bandwidth at 60GHz can provide unlicensed short-range
high-speed links for WPAN (802.15.3c) and wireless high definition
video streaming (Wireless HD). Data rates can be several Gbps.

© The 77GHz band is suitable for automotive long-range (100m) au-
tonomous cruise-control (ACC) radar. The high carrier frequency
allows modest-size antennas to have a small beam width and there-
fore a better angular resolution.

© The 24GHz band can be used in automotive short-range radar, since
the large bandwidth at 24GHz offers sufficient small distance reso-
lution (5cm).

© The large bandwidth at 71-76GHz, 81-86GHz and 92-96GHz can
provide licensed high-speed links with data throughput up to 10Gbps.
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© The natural thermal emission of objects in the 35GHz and 94GHz
bands allows passive imaging to construct an image.

This chapter is organized as follows. The unique mm-wave applica-
tions are discussed in Section 2.1. Section 2.2 presents system consider-
ations of mm-wave receiver and transmitter front-ends. The technology
choices to implement mm-wave systems are discussed in Section 2.3. Part
of this chapter is published in [12].

2.1 Millimeter-Wave Communication

2.1.1 Multi-Gbps Data Communication
In principle, a high data rate can be achieved by a combination of signal
bandwidth and dynamic range. The limit for the data rate over a single-
input and single-output (SISO) link is set by the capacity (C) of the link
and is a function of the bandwidth (BW ) and the signal-to-noise ratio (SNR)
[32]:

C = BW × log2(1+SNR) (2.1)

Therefore, a high data rate can be achieved with a low bandwidth if the
SNR is high. However, a high SNR requires either a short distance between
transmitter and receiver, or a high transmit power, or high gain antennas.
This is described in the Friis Transmission equation:

Psig = Pt ×Gr ×Gt × (
λ

4π ×d
)α (2.2)

In this equation, Psig is the received signal power, Pt is the transmitted
signal power, Gr is the gain of the receiver antenna, Gt is the gain of the
transmitter antenna, λ is the wavelength, and d is the distance between
the transmit and receive antennas. The original Friis transmission equation
is valid for free space environments with a value of 2 for the parameter
α . It is also used to approximate the average received power in multi-
path environments inside buildings, in which case the parameter a varies
from 1.8 to 5.2 and is higher for higher frequencies because of reduced
transmission through typical walls [33].
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On the other hand, the input-referred integrated noise power of the re-
ceiver can be expressed as [34]:

Nin = k×T ×NF ×BW (2.3)

In this equation, k is the Boltzmaan constant and is equal to 1.38×
10−23J/K, T is the absolute temperature. NF is the noise factor of the
receiver (NF >= 1).

By combining Equation 2.1, 2.2 and 2.3, the achievable data rate of a
system can be expressed as function of bandwidth and frequency:

C = BW × log2(1+
Pt ×Gr ×Gt( λ

4π×d )α

k×T ×BW ×NF
) (2.4)

The impact of frequency and bandwidth on the achievable data rate
is shown in Figure 2.2 for a system with d = 10m, Pt = 1W. We assume
half-wavelength dipole antennas at in free space (α=2) under line-of-sight
situations, and the antenna size decreases at higher frequencies. This figure
shows the achievable data rate as a function of frequency and bandwidth.
The figure shows that data rates in excess of 10Gbps can be achieved for
high bandwidths (1GHz) at low frequencies (1GHz).

The shape of the graph is caused by the different influences of band-
width and SNR (and therefore indirectly frequency) on the channel capac-
ity. Increasing bandwidth seem like an obvious way to improve the channel
capacity, but it also increases the noise in the channel and therefore reduces
the signal-to-noise ratio at a fixed signal level. Therefore, increasing band-
width makes sense only if the SNR is sufficiently high. Since in in-house
environments α is a function of frequency, the optimum at low frequencies
will be even more pronounced than shown in Figure 2.2. This, together
with the higher transparency of walls at lower frequencies and the simpler
and cheaper electronics, explains the popularity of relatively low frequen-
cies for radio communication.

However, this inherently leads to a conflict: if all high data rate appli-
cations prefer to use a lot of bandwidth at low frequencies, then the radio
spectrum at low frequencies will quickly fill up, which it indeed does. This
results in a drive towards higher frequencies, since there will be more band-
width available than at lower frequencies. In addition, the decrease in data
rate when increasing the frequencies as shown in Figure 2.2 is somewhat
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Figure 2.2: Achievable data rate versus frequency and bandwidth with half
wavelength dipole antennas.

Figure 2.3: Achievable data rate versus frequency and bandwidth with an-
tenna size fixed to a 900MHz dipole antenna.
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deceptive, in that it is caused by the decrease in antenna size at higher
frequencies. If we keep the physical antenna size the same as a 900MHz
dipole antenna (by setting λ to a constant λ0 in Equation 2.4), the achiev-
able data rate of a system can be expressed as:

C = BW × log2(1+
Pt ×Gr ×Gt( λ0

4π×d )α

k×T ×BW ×NF
) (2.5)

According to Equation 2.5, there is no decrease in data rate with higher
frequencies, and the achievable data rate still increases significantly with
the bandwidth, as shown in Figure 2.3.

From these two results, high data rate radio links with high bandwidths
at high frequencies (60GHz) make sense when electrically large antennas
(� λ/2) are used, which provide antenna gain and directivity.

2.1.2 Automotive Radar
The basic principe of radar is that an RF signal is transmitted towards the
target of interest, which is reflected from the target and then received by
the radar antenna. Information regarding the distance, relative speed and
angular position of the target is detected using the reflected signal. For in-
stance, in either a pulse radar or a frequency modulated continuous-wave
(FM-CW) radar, the distance of the target can be detected directly or in-
directly utilizing the time for the signal to travel to the target and return.
Speed can be detected by utilizing the change of distance with respect to
time, or utilizing the frequency shift (Doppler Effect) of reflected signals.
The angular position of the target can be determined by exploiting the di-
rective gain of the antenna in different directions. When a certain antenna
aperture is used, the angular resolution improves with higher RF carrier
frequency. Furthermore, in most cases the receiver does not detect the re-
flected signal while the signal is being transmitted. The minimal detection
range in a pulse radar is therefore determined by the pulse length. In order
to detect closer targets, a shorter pulse will be used, which requires a larger
signal bandwidth. An FM-CW radar also needs larger signal bandwidth to
detect closer targets.

Automotive radars, which have been available in high end cars, will
be key components of future smart cars. The reason is that car safety is a
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serious issue in our lives: auto collisions are the leading cause of injury-
related deaths, an estimated total of 1.2 million in 2004, or 25% of the
total from all causes [35]. Pre-crash systems with automotive radars can
detect an imminent crash and warn the driver and even help the vehicle
itself to avoid a collision. As compared to visual and infrared (IR) sensors,
the advantage of mm-wave radar is that it can be used not only in day and
night conditions, but also in fog and other poor visibility conditions.

The 77GHz band (76-77GHz) can be applied to long-range (100m)
autonomous cruise-control (ACC) radar, since the high carrier frequency
results in a sufficient angular resolution. ACC radar helps maintain a safe
distance to vehicles in front by automatically controlling vehicle speeds
[36].

Short-range radars can use e.g. the 24GHz band (22-29GHz), since the
large bandwidth offers sufficient small distance resolution (5cm). Short-
range car radar has applications such as object detection, pedestrian detec-
tion and protection, parking aid, side-impact pre-crash detection and blind
spot detection [11].

2.1.3 Millimeter-Wave Imaging

Millimeter-wave frequencies allow a spatial resolution of a few millime-
ters, which can be used for active and passive imaging [37]. Passive imag-
ing detects natural thermal emissions of objects in the 35GHz and 94GHz
bands, and forms the image of objects similar to an optical system. In an
active imaging system, mm-wave signals are transmitted in order to “illu-
minate”objects.

Millimeter-wave imaging can operate not only in day and night con-
ditions, but also in fog and other poor visibility conditions that normally
blind visual and infrared (IR) cameras. It can help airport landing, airport
operation, harbor surveillance and highway traffic monitoring [37].

Millimeter-wave imaging also has security applications such as concealed-
weapon detection [37]. Since the mm-wave signatures of metallic objects
are very different from body background, mm-wave imaging offers easy
detection and few false alarms.

In addition, mm-wave imaging can be used in medical applications
such as tumor detection, temperature measurement, blood flow and wa-
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ter/oxygen content measurement [11]. It has the advantage of being harm-
less to humans: passive imaging only use the natural thermal emission, and
active imaging uses radiations with milli-eV energies. In contrast, X-ray
based imaging systems require radiations with k-eV energies, and can only
be used with limited dosage.

2.2 System Requirements

Although they are in many aspects similar to transceiver architectures at
lower frequencies, transceiver architectures at mm-wave frequencies have
to meet several different requirements.

As discussed in the previous section, one of the main motivations for
implementing radio links at mm-wave frequencies is the availability of
empty bands. These bands allow the use of wide bandwidth transmissions
to achieve high data rates, as long as a sufficient signal-to-noise ratio can
be achieved.

One way to relax the requirements on signal-to-noise ratio is the use
of less bandwidth-efficient modulation schemes. Since the performance
of RF circuits at mm-wave frequencies is limited, a (relatively) constant
envelope modulation scheme such as FSK or QPSK modulation will be
attractive. QPSK modulation is used in this work, since it can be extended
to other varying-envelop modulation schemes (e.g. high-order PSK with
or without OFDM).

A time domain multiple-access (TDMA) scheme fits best with simple
modulation schemes. It reduces interference from adjacent and alternate
channels that will occur in frequency division multiple access (FDMA)
schemes, and easily allows flexible and on-demand allocation of total sys-
tem capacity across multiple sources.

Because of the high free-space path loss at mm-wave frequencies, phased
array technique is an attractive solution to compensate for the path loss
and alleviate the requirements of RF transceiver front-ends. This will im-
pact both architectural and circuit level requirements for mm-wave fre-
quency transceivers. Separate receiver/transmitter paths are required for
each of the multiple antennas. Special attention has to be paid to phase
consistency between the different receiver/transmitter paths. Therefore, a



2.2. SYSTEM REQUIREMENTS 17

common VCO/synthesizer with a classical up-conversion transmitter and
down-conversion receiver will be both cost-effective and robust, especially
for single-chip integration of a phased array transceiver. However, it may
be difficult to integrate a large number of receiver/transmitter paths on a
single chip, due to the limitation of e.g. chip area, cross-talk, parasitic
coupling and power consumption. In that case, it is preferred to have
an individually modulated VCO/synthesizer in each chip, and minimize
the distribution of high frequency RF or LO signals betweens the multiple
chips.

A mm-wave receiver will usually not suffer from very strong interfer-
ers. First, walls will attenuate signals from unrelated systems significantly.
Second, signals originating in the same room are likely to be part of the
same communication system, in which case the higher layers of the com-
munication link can avoid interference by separating such signals in the
frequency, spatial and/or time domain. Therefore, only limited channel se-
lectivity will be needed. After the (limited) channel selectivity, the signal
can be processed through (strongly) non-linear circuits such as limiters to
provide the required gain and automatic gain control.

Circuit requirements for a receiver will typically emphasize gain at
mm-wave frequencies, wide bandwidths, and low noise figures, with mod-
erate requirements for linearity. For a zero-IF receiver, because of the
limited interference provided by the higher layers, it is usually possible
to achieve the desired second-order non-linearity by careful design of the
mixers and AC coupling in the IF path.

Requirements on the phase noise of the VCO are likely to be relaxed,
since the wide channel bandwidths puts the adjacent channels at a large
frequency offset. In addition, if the system is completely TDMA based,
and therefore effectively single-channel, requirements on the tuning range
for the VCO will be relaxed since only process spread, temperature and
power supply variations need to be compensated. It will even be possible
to clean up the phase noise of the VCO across the full channel with a wide-
band synthesizer loop especially for single-channel systems.

Transmitters for mm-wave systems need to generate wide-band sig-
nals. Since in many cases, bandwidth efficiency is not the primary design
parameter, and since systems do not have to be dimensioned for minimum
interference, requirements on dynamic range and error-vector magnitude
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(EVM) are likely to be relaxed. Therefore, the emphasis for most trans-
mitter circuits will be on gain, output power and wide bandwidths.

2.3 Implementation in Silicon & CMOS

Traditionally, mm-wave radio frequency (RF) technology has been the do-
main of expensive chip technologies based on III-V compound materials
such as GaAs and InP [5]. These technologies have low yield and lim-
ited integration. They are mainly intended for professional and military
applications for which the cost-factor is not of much relevance.

Recently, considerable RF performance at mm-wave frequencies has
been achieved using low-cost silicon-based SiGe [6] and CMOS [7–10]
technologies. The high frequency capacity of silicon based SiGe and CMOS
technologies improves quickly. Their unity-gain frequency ft and maxi-
mum frequency of operation fmax have reached hundreds of GHz. Consid-
ering that silicon based technologies have replaced GaAs in the low GHz
regime except for a few applications (e.g. power amplifiers), they are ex-
pected to dominate in the mm-wave frequencies soon.

The advantage of SiGe technology is that as compared to CMOS tech-
nology, SiGe has better physical properties, reliable RF models and tools
to meet mm-wave requirements. The drawback is that unlike the CMOS
technology, SiGe can not cost-effectively integrate the digital baseband on
the same chip with RF and analog circuits. Therefore, the radio system
needs to be realized in multiple chips instead of a single chip.

CMOS technology has advantages of being the lowest cost option in
volume production, and offering high level of integration with RF, analog
and digital circuits. Although the RF performance of standard CMOS is
worse than that of SiGe, the speed of CMOS transistors increases more
rapidly. There are enormous world-wide efforts to scale to lower gate-
lengths for the mass market of digital microprocessors, digital computation
and memory. As a result, the speed of CMOS circuits increases by roughly
one order of magnitude every ten years [38]. High power amplifiers im-
plemented in today’s 65 nm RF-CMOS technology can produce an output
power level of higher than 10dBm [39, 40], and low noise amplifiers with
noise figure of around 6dB can be realized at 60GHz [41, 42].
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A fully integrated mm-wave system (RF, analog and digital circuits, or
even antennas) in a single chip using a CMOS technology will bring many
benefits, for example:

© The single-chip integration will result in a smaller footprint, and re-
duce the cost of multi-chip packaging and testing.

© With the aid of integrated advanced digital signal processing (DSP),
there can be auto-tuning and digital calibration in the RF front-end.
The functions may include I/Q matching calibration, filter bandpass
tuning, VCO/PLL calibration. In this way, the RF front-end will be
robust against process, voltage and temperature (PVT) variations.

© Self-testing of a full transceiver can be carried out in the loop-back
mode automatically, which will avoid expensive RF test equipment
and cost.

2.4 Conclusion
Millimeter-wave frequencies (30-300GHz) offer many new products and
services such as multi-Gbps radio at 60GHz, automotive radar and mm-
wave imaging, thanks to the high frequency and large bandwidth available
at these frequencies. High data rate radio links with high bandwidths at
high frequencies (60GHz) require electrically large antennas (� λ/2) that
provide sufficient antenna gain and directivity.

As compared to counterparts at lower frequencies, transceiver archi-
tectures at mm-wave frequencies have to meet different requirements. In
order to achieve a sufficient signal-to-noise ratio, less bandwidth-efficient
modulation schemes (e.g. QPSK) become attractive. A TDMA scheme
fits with these simple modulation schemes and can reduce interference to
adjacent channels. Phased array techniques are attractive to compensate
the path loss and alleviate the requirements of RF transceiver front-ends.

Recently, considerable RF performance at mm-wave has been achieved
using low-cost silicon-based technologies. CMOS technology has advan-
tages of being the lowest cost option in volume production, and offering
high level of integration with RF, analog and digital circuits. In the next
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chapters, we will present the design and implementation of 60GHz inte-
grated circuits in a 65nm CMOS technology.



3

Phased Arrays and Architecture Selection

The 7GHz of unlicensed band around 60GHz offers exciting opportunities
for applications such as high-speed short-range wireless personal area net-
work (WPAN) and real time video streaming at rates of several Gbps [4–6].

A major issue in designing such a high data rate 60GHz radio is the
limited link budget over indoor distances, especially for non-line-of-sight
(NLOS) situations, due to the high path loss during radio propagation, high
noise figure of the receiver and low output power of the transmitter [11,12].

Due to the relatively small size of 60GHz antennas, the phased array
technique is an attractive solution to compensate for the path loss and alle-
viate the requirements of the RF transceiver front-ends. In addition to pro-
viding electronically controlled beam forming, phased arrays offer larger
effective isotropic radiated power (EIRP) in the transmitter and higher
signal-to-noise ratio (SNR) in the receiver [13–18]. This leads to higher
system capacity and larger range which is highly beneficial to a 60GHz
wireless system.

In this chapter, the motivation for phased-array techniques is discussed
first in Section 3.1. The operation principles and benefits of phased ar-
rays are discussed in Section 3.2 and Section 3.3 respectively. Section
3.4 compares the phased array technique to other MIMO techniques. Sec-

21
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tion 3.5 discusses the phase-shift step-size requirements in phased arrays.
Finally, different phased array architectures are compared in Section 3.6.
This chapter is partly published in [12].

3.1 A 60GHz WPAN Link Budget
The target of this work is to provide a data rate of higher than 2Gbps over
an indoor distance of 10 meters for general purpose (including WPAN and
WirelessHD) applications. This data rate can be achieved by a 60GHz
radio with a channel bandwidth of 2GHz using e.g. shaped QPSK modula-
tion. As discussed in Section 2.1.1, a high data rate 60GHz radio requires
electrically large antennas with high antenna gain and directivity. This can
be analyzed in detail in the link budget calculation.

A high data rate 60GHz radio has a limited link budget over indoor dis-
tance, due to the high path loss during radio propagation, high noise figure
of the receiver and low output power of the transmitter [11]. The large sig-
nal bandwidth required to transmit at a large data rate further increases the
noise floor of the receiver. Figure 3.1 shows the link budget calculation.
In the calculation, the transmitted output power is +10dBm [23,31], omni-
directional antennas are used in the transmitter and receiver with antenna
gain of 0dBi, and the receiver noise figure is +10dB [8, 43]. According to
Friis’ equation (Equation 2.2), the received power is Psig = −78dBm at a
distance of 10 meters. On the other hand, the integrated noise referred to
the input of the receiver can be expressed as:

Ntot = −174+NF +10log10(BW ) (3.1)

in dBm, where NF is the noise figure of the receiver and BW is the
signal bandwidth. Given NF = +10dB and BW = 2GHz, the integrated
noise referred to the input of the receiver is Ntot = −71dBm. The signal-
to-noise ratio (SNR) at the output of the receiver can be defined as

SNRout = Psig−Ntot (3.2)

in decibels, which is −78+71 = −7dB in this case. This SNR is much
lower than the required value of 10dB in order to properly demodulate e.g.
QPSK signals.
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Figure 3.1: Link budget of a 60GHz WPAN using omni-directional anten-
nas.

An appealing solution to the limited link budget at 60GHz is to use
high gain antennas, which can partly compensate for the path loss and al-
leviate the requirements of the RF transceiver front-ends. Figure 3.2 shows
the link budget calculation of a 60GHz radio under line-of-sight (LOS) sit-
uations if both the receiver and transmitter using directional antennas with
antenna gain of Gt = Gr = 12dBi. Then the SNR at the output of the
receiver will be increased to 17dB, which meets the demodulation require-
ment of e.g. QPSK signal with 7dB margin.

The link-budget calculation above leads to the conclusion that for the
transmission of higher than 2Gbps over a distance of 10 meters under LOS
situations at 60GHz, antennas should have a relatively high gain. It is
worth pointing out that the link budget will be further reduced for a higher
data rate, a larger distance and especially under non-line-of-sight (NLOS)
situations. In this case, although we may increase the transmitter output
power and reduce the receiver noise figure (limited by the cost, power and
technology), using higher gain antennas seems to be the most practical
solution for the link budget.

Fortunately, it is possible to achieve a high antenna gain with a rel-
atively small structure at 60GHz, since the antenna gain (G) for a given
effective antenna area (A) can be expressed as:
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Figure 3.2: Link budget of a 60GHz WPAN using high-gain directional
antennas.

G = 4πA/λ2 (3.3)

where λ is the signal wavelength, which is 5mm in free space for
60GHz radio. In theory, the effective area of an 60GHz isotropic an-
tenna is λ2/(4π) = 2mm2. An antenna with an effective area of 32mm2,
which is 16 times the effective area of an isotropic antenna, can achieve
an antenna gain of 12dBi at 60GHz. This high gain antenna can be physi-
cally implemented as a single antenna or an antenna array. For fixed links
(e.g. LMDS), we can use a single antenna that is mechanically aligned to-
wards the antenna on the opposite side of the radio link. For mobile links,
the alignment of the main lobe needs to be achieved dynamically, usually
through phased array antenna structures, which is the research topic of this
work.

3.2 Operation Principles of Phased Arrays
The operation principle of the phased array technique (using a receiver
as an example) is depicted in Figure 3.3. The phased array receiver con-
sists of N separate signal paths that connect to separate antennas. The
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Figure 3.3: Principle of a phased array receiver.

desired signal from certain incident angle(s) (θ ) arrives at these antennas
with different time delays. In a one-dimensional antenna array receiver,
the progressive time delay between two adjacent antennas is

τ = dsin(θ)/c (3.4)

where d is the antenna spacing and c is the light speed. The signal
received by the first antenna of a phased array receiver can be represented
as

S0(t) = A(t)cos[2π f t +ϕ(t)] (3.5)

The signal received by the nth antenna is

Si(t) = S0(t −nτ) = A(t −nτ)cos[2π f t +ϕ(t −nτ)−2πn f τ] (3.6)

where A(t) and ϕ(t) are the gain and phase of the signal and f is the
carrier frequency.

The time delays among the different signals paths can be compensated
in the receiver so that the signals are combined coherently at the output.
By this means only signals from certain directions are received, while the
interferers from other directions are suppressed. An ideal programmable
time-delay compensation for this purpose has to achieve a sufficient delay-
resolution and be capable to work with large delay-range [44,45]. The im-
plementation of such a time-delay compensation is challenging due to the
loss, nonlinearity and chip area constraints. An alternative is to approx-
imate the required time-delay compensation with a programmable phase
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shifter [16, 18]. For a radio system that has a signal bandwidth much less
than the carrier frequency, τ is much less than the baseband symbol period.
Then we have

A(t) ≈ A(t −nτ) (3.7)

ϕ(t) ≈ ϕ(t −nτ) (3.8)

If the phase shift in the nth path is given by

φn = nφ = 2πn f τ (3.9)

and supposing that each path of the receiver has a unity gain, then the
combined signal at the output can be expressed as

Sout(t) =
N−1

∑
n=0

A(t −nτ)cos[2π f t +ϕ(t −nτ)−2πn f τ +φn]

≈

N−1

∑
n=0

A(t)cos[2π f t +ϕ(t)−2πn f τ +φn]

= N ∗S0(t)

(3.10)

This result shows that phase shifters can also compensate the carrier
phase shift of each path. In this way, the signals received by the multiple
antennas can be approximately added up coherently at the output, which
improves the signal gain in comparison to a single-antenna receiver. The
approximation of a time-delay compensation with a programmable phase
shifter, however, brings errors in the output signal, since the baseband sig-
nals (Equation 3.7 and 3.8) are not fully synchronized. These errors will
be further analyzed in Section 3.5.

3.3 Benefits of Phased Arrays
Phased arrays bring several advantages to the wireless system.

Firstly, in a phased array receiver, the signals received by the multi-
ple antennas can be added up coherently. On the other hand, as shown in
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Figure 3.4: SNR improvement in a phased array receiver.

Figure 3.4, the noises of different receiver paths, dominated by the contri-
butions of separate antennas and the low noise amplifiers after the anten-
nas (N11,N12, ...,N1N), can be considered to be uncorrelated to each other.
As a result, if N antennas are used in the receiver, the output signal-to-
noise ratio and therefore the sensitivity of the receiver can be improved by
10log10(N)dB.

Secondly, in a phased array transmitter (Figure 3.5), the signals trans-
mitted by the multiple antennas can be added up coherently in certain di-
rection(s) in space through spatial power combining. In comparison to a
single-antenna transmitter that transmits an output power of P0, each path
of the phased-array transmitter can transmit an output power of P0/N and
keep the sum of the output power equal to P0. The equivalent isotropic ra-
diated power (EIRP) of the phased-array transmitter will be P0∗N, which is
increased by 10log10(N)dB in comparison to a single-antenna transmitter.
Besides, the output power of a phased array transmitter can be controlled
by simply turning on or off a certain number of transmitter paths.

Thirdly, a phased array system can place nulls in undesired direction(s),
which improves channel multipath profile and reduces interference to/from
other systems.

As a result, a phased array leads to higher system capacity, larger range
and interference suppression, which is highly beneficial to a mm-wave
(60GHz) wireless system.
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Figure 3.5: Principle of a phased array transmitter.

Figure 3.6: Antenna diversity

3.4 Phased Arrays and MIMO
MIMO (multiple-input-multiple-output) often refers to a wireless commu-
nication system employing multiple antennas at both a transmitter and a
receiver. MIMO can be sub-divided into three main categories, namely
phased array beamforming, diversity and spatial multiplexing [46].

Beamforming systems (Fig. 3.3) receive the same signal from each
of the antennas with appropriate phase (and sometimes gain) weighting.
In this way, the signal power is maximized at the receiver output. The
benefits of beamforming are the increase of signal gain from constructive
combination of the output signal and the reduction of multipath fading
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Figure 3.7: Spatial multiplexing [46].

effect.
In diversity systems (using a receiver as an example) as shown in Figure

3.6), multiple and redundant copies of a data stream are received by the
receiver. The receiver decides to choose some of the data streams that
survive the physical path between transmission and reception in a good
enough state. A diversity transmitter works in a similar way.

Using spatial multiplexing methods (Figure 3.7 [46]), different data
streams are transmitted by the different transmit antennas. If these steams
arrive at the receiver antenna array with sufficiently different spatial signa-
tures, the receiver can separate these streams and create parallel channels.
This can increase data rate by using parallel channels.

From the above, in both beamforming and diversity systems, the same
signal is received by the multiple antennas, which will increase link reli-
ability. Beamforming has further advantage of increased signal gain and
reduced interference through coherent signal combination. Spatial mul-
tiplexing methods can increase data throughput with the use of a limited
bandwidth, but need independent transmitter, receiver and baseband digital
signal processing for each of the multiple data streams.

Instead of using spatial multiplexing or diversity methods, beamform-
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Figure 3.8: The constellation spreading can be quantified as error-vector
magnitude (EVM).

ing methods are preferred at mm-wave (60GHz) for short-range high-speed
communications. The reason is that, firstly, there are large bandwidths
available at these frequencies, and it seems not necessary to use spatial
multiplexing in order to further increase data rate. Furthermore, the envi-
ronment does not provide rich multipath at 60GHz [4].

3.5 Phase-Shift Quantization
A phase shifter can provide a continuously variable phase shift, or a dis-
crete set of phase states. In comparison with a continuously variable phase
shifter, a discrete-step phase shifter has phase quantization errors. The ad-
vantage of using a discrete-step phase shifter is that it can be fully digitally
controlled, which allows for a simple control and better immunity to noise
on the control lines. The step-size requirement of a phase shifter (being
either continuously variable or in certain discrete steps) depends on the
phased array system specifications.

Firstly, the step-size requirement can be derived from the constellation
spreading of the output signal in a phased array system (Figure 3.8) [18].
This is because when a continuously variable phase shifter is used instead
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Figure 3.9: Simulated EVM of a 60GHz 8-path phased array receiver
(BW=7.5GHz, Data rate=10Gbps using QPSK modulation) with various
phase shift steps (continuous, 3-bit, 4-bit or 5-bit respectively).

of a time-delay compensation, the baseband signals are not fully synchro-
nized, which reduces signal integrity. When a discrete-step phase shifter
is used, the phase shift can only compensate the carrier phase shift ex-
actly at a few incident angles. For other angles, the signal constellation at
each path is rotated by a different (and incorrect) phase shift, thus further
reducing signal integrity and increasing the constellation spreading. The
difference between ideal symbol constellation (using a time-delay com-
pensation) and actual symbol constellation (using a phase shifter) can be
quantified as the error-vector magnitude (EV M) [18]. It is equivalent to
the inverse of signal-to-noise-and-distortion ratio (SNDR), and in a phased
array it can be expressed as [47]

EV MRMS =

√√√√∑
M−1
n=0 |

Sout(t)
C0
−S0(t) |2

∑
M−1
n=0 | S0(t) |2

(3.11)



32
CHAPTER 3. PHASED ARRAYS AND ARCHITECTURE

SELECTION

Here M is the total number of symbols. C0 is a complex constant repre-
senting the amplitude and phase offset between S0 and Sout , which includes
the phase offset of the carrier.

The EV M depends on, among others, the ratio of the signal bandwidth
to the carrier frequencies, the step size of the phase shifters, the incident
angle, the number of antennas and the digital modulation scheme. In a
simulation, we have assumed a 60GHz 8-path phased array receiver that
uses isotropic antennas with an antenna spacing of λ/2, which provides an
antenna gain of 12dBi as discussed in Section 3.1. It has a bandwidth of
7.5GHz and bit rates of 10Gbps by employing shaped QPSK modulation
(β = 0.5). Fig. 3.9 shows the EV M results as a function of various phase-
shift step sizes i.e. 0o (continuous), 11.25o (5-bit), 22.5o (4-bit) or 45o (3-
bit), when the incident angle (θ ) varies from 0o to 90o. When a continuous
phase shifter is used, the EVM is 0.7% at incident angle of 90o. Using
a 4-bit phase shifter, the peak EVM is 4.6% at an incident angle of 70o.
This peak EVM is equivalent to a minimum output SNDR of around 27dB
(contributed only by the phase shifters), which meets the required SNDR
for QPSK signal demodulation (10dB) with sufficient margin. It is worth
pointing out that the EVM results can be reduced by using a narrower
bandwidth (e.g. 2GHz) and/or OFDM modulation method, where a phase
shifter with a larger step size (e.g. 45o) may be used. On the other hand,
if a higher date rate is desired by using a higher-order modulation scheme
(e.g. 16QAM or 64QAM), the phase shifter may require a smaller step size
(e.g. 11.25o).

Another requirement of the step size of a phase shifter can be derived
from the radiation pattern of the phase array. Using a continuously variable
phase shifter, the beam direction of a phased array can be continuously
swept to cover all incident angles. When a discrete-step phase shifter is
used, the beam direction is swept in discrete steps, which may result in
mismatch between the beam direction and the signal incident angles and
therefore reduce the array gain. According to Equation 3.10, assuming a
phase shifter with φn = nφ0 is used in the nth path, the signal gain of the
phased array receiver for a certain incident angle (θ ) can be calculated.
This signal gain can be normalized to the signal gain of an ideal N-path
phased array, which is often defined as the normalized array factor (AF)
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Figure 3.10: Simulated normalized 8-path beam patterns with 4-bit phase
shifters. As an example, the beam pattern for an incident angle of -30o is
highlighted.

[44] and can be expressed as

AF(θ) =
1
N

√
∑

M−1
n=0 | Sout(t) |2

∑
M−1
n=0 | S0(t) |2

≈
sin(N

2 (2π f d
c sin(θ)−φ0))

Nsin(1
2(2π f d

c sin(θ)−φ0))
(3.12)

For example, the simulated array patterns of an 8-path phased array
receiver with a 4-bit phase shifter are shown in Fig. 3.10. By increasing
the incremental phase shift φ0 from 0 to 337.5o in a 22.5o step size, the
beam direction can be steered from -90o to 90o in 16 patterns. The beam
pattern for the incident angle of -30o is highlighted in Fig. 3.10. In this
application it can be seen that using a 4-bit phase shifter is sufficient for
an 8-path phased array to cover all incident angles. The antenna array is
operated close to its peak array gain; in the worst case, the signal loss
is still less than 1dB. It can be shown that a smaller array (with e.g. 4
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Figure 3.11: Phased array architectures with phase shifting at (a) RF, (b)
IF, (c) LO and (d) digital baseband.

antennas) may use a phase shifter with a larger step for the beam direction
consideration. However, if it is required to suppress interference by placing
nulls in undesired directions, the phase shifter may require a smaller step.

In summary, the step-size requirement of a phase shifter can be derived
from the system specifications with respect to e.g. constellation spreading,
beam direction and interference suppression. Using a 4-bit phase shifter,
which is often the choice of step size, is close to an ideal continuous phase
shifter for the 60GHz system. Therefore, 4-bit phase shifters are designed
and implemented for 60GHz phased array radio, which can be scaled to
e.g. 3-bit or 5-bit according to different system requirements.

3.6 Phased-Array Architectures
Phase shifting can be implemented in different parts of a transceiver, such
as at RF, IF, LO or digital baseband, as depicted in Figure 3.11(a)-(d) re-
spectively. For simplicity, only the receive path is shown for a system with
just 2 antennas.

Phase shifting in the digital domain shown in Figure 3.11(d) is often
used for beam steering transceivers at the low GHz range, because it often
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offers several advantages:

© high flexibility;

© high accuracy;

© relatively easy to design;

© robust against process, temperature and supply voltage variations ex-
cept for mismatch between paths.

However, this architecture has several disadvantages at mm-wave fre-
quencies:

© The IF bandwidth of a mm-wave frequency transceiver is usually
much higher than at lower frequencies, making the phase shifting
and adding operation non-obvious to design, and potentially power-
hungry.

© The RF/LO/IF path, including mixers, local oscillators and data con-
verters, has to be implemented multiple times (once for every an-
tenna), typically increasing cost.

© Interference cancellation only occurs after the adder in the digital
domain. Consequently, all circuits before that adder need to provide
sufficient dynamic range to process these interferers without degrad-
ing the signal. This dynamic range requirement will increase the
difficulty of the design of the RF/IF circuits and data converters, as
well as increase the power dissipation of these circuits.

Therefore, in most cases it will be attractive to move the signal com-
bining operation to the left towards the antenna. Various architectures can
be considered as shown in Figure 3.11(a)-(c).

In Figure 3.11(a), phase shifting and combining of the antenna signals
for beam steering is carried out at RF [28–31]. The RF phase shifting
and combining can be done immediately after the antennas, but the pro-
grammable phase shifters at these frequencies will typically have signifi-
cant losses and reduce the receiver sensitivity. Therefore, a better compro-
mise is usually to insert the phase shifters between the low noise ampli-
fiers and the mixers. The advantage of RF phase shifting is that the LO/IF
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path, including the mixers, filters, variable gain amplifiers, local oscilla-
tors and data converters, can be shared among all antennas. Furthermore,
interference cancellation occurs at RF, which reduces the dynamic range
requirement of the following RF/IF circuits and data converters.

In Figure 3.11(b) an architecture with phase shifting and combining at
IF is shown [24–27], which has the advantage that both operations now
occur at lower frequencies (although still in the analog domain). This IF
phase shifting and combining allows for easier and less critical implemen-
tation, but requires a relatively broadband analog phase shifter.

Figure 3.11(c) shows an architecture with phase shifting in the LO path
and combining at IF [21–23]. The LO phase shifting requires multiplica-
tion of more circuits than RF phase shifting, but has the advantage that
combining of signals at IF is easier to implement. Also, the LO phase
shifting is not in the signal path, making the total performance less sen-
sitive to the losses of the phase shifters (since they can be compensated
for by generating more LO power). Finally, the phase shifter only needs
to operate within a relatively narrow bandwidth (compared to the center
frequency), making it relatively easy to implement.

Based on this analysis, if we can design RF phase shifters with pro-
grammability, low cost and low power, the RF phase shifting architecture
offer the best overall performance in cost and power dissipation. An RF
phase shifter may require a higher dynamic range as compared to an LO
phase shifter. On the other hand, an RF phase shifting approach keeps the
floor plan of the LO circuitry simple, i.e., there is only a single mixer (or
two in an I/Q scheme) to be driven by the LO signal. This also means
that the core circuitry of the receiver and transmitter (up to the mixer) can
be reused for different array configurations, without the need to add addi-
tional mixers to the circuitry when, for example, increasing the number of
antennas. At the end, the number of physical circuit elements is smaller in
an RF phase shifting scheme than in an LO phase shifting scheme, leading
to a smaller chip area. Therefore, in the next chapters, we will focus on
the design of low cost, low power and programmable RF phase shifters at
60GHz.
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3.7 Conclusion
A high data rate 60GHz radio has limited link budget over indoor distance,
due to the high path loss during radio propagation, high noise figure of
the receiver and low output power of the transmitter. Phased arrays help
to direct energy from/to desired targets, which are highly beneficial to a
60GHz wireless system.

The step-size requirement of a phase shifter has been derived from the
system specifications with respect to e.g. constellation spreading, beam
direction and interference suppression. Simulation results show that using
a 4-bit phase shifter is close to using an ideal continuous phase shifter for
the 60GHz system.

If we can design RF phase shifters with programmability, low cost and
low power, the RF phase shifting architecture offer the best overall per-
formance in cost and power dissipation. For this reason, we will work on
the design of low cost, low power and programmable RF phase shifters at
60GHz.
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4

RF Phase Shifters for Phased Arrays

Phase shifters are essential components in a phased array for adjusting the
phase of each antenna path and steering the beam. Ideally a phase shifter
change the insertion phase (phase of S21) of a network while keeping the
insertion gain (amplitude of S21) constant. The requirements of phase
shifters include large phase-control range (360o), small phase-shift step
size (e.g. 22.5o), low insertion loss (or even gain) and low variation in
loss over all phase states. Furthermore, phase shifters need to achieve low
power consumption, occupy a small chip area and be simple to control. The
loss and loss-variations of a phase shifter can be (partly) overcome using
an extra variable gain amplifier (VGA) stage in front of the phase shifter,
but such a VGA not only consumes large chip area and power consumption
but also becomes difficult to design at mm-wave frequencies.

There are various types of RF phase shifters, such as switched-line
[48], loaded-line [49], reflection [50], switched-filter [51–53], traveling-
wave [44, 54] and vector-modulator based [19, 55] phase shifters. These
phase shifters are analyzed next in this chapter.
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Figure 4.1: A switched-line phase shifter.

4.1 Switched-Line Phase Shifters

As shown in Figure 4.1, a phase shift can be achieved by switching two
transmission lines with different electrical lengths [48]. If the insertion
phase [phase(S21)] of two lines are φ1 and φ2 respectively and if the switches
are ideally on or off, the change in phase shift obtained can be expressed
as

∆φ = φ2−φ1 (4.1)

Switched-line phase shifters are often used to achieve large phase-shift
steps (e.g. 180o and 90o). Different phase shifters such as loaded-line
phase shifters can be used for small phase shift steps (e.g. 45o and 22.5o).

The main challenge of designing a silicon based switched-line phase
shifter at mm-wave frequencies lies in the single-pole double-throw (SPDT)
switches. This is because the switches are often realized with MOSFETs,
and their performance is limited at mm-wave frequencies. On the one hand,
when switches are on, the switches need to have a large W/L value in order
to achieve a small on-resistance and therefore a low insertion loss. On the
other hand, the switches need to have a high isolation (i.e. 20dB) in the
off state, otherwise there will be perturbation in the amplitude and phase
response due to leakage of the ”off” path. However, large switches usually
have large parasitic capacitance, which results in poor isolation during off.
Although the off-state capacitance of the switches can be (partly) tuned
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Figure 4.2: A loaded-line phase shifter.

out at desired frequencies by using a shunt inductor, this inductor-tuning
solution results in a very narrow-band response and significantly increases
chip area.

4.2 Loaded-Line Phase Shifters
A phase shift can also be obtained by tuning a lumped-element equivalent
of a transmission line (Figure 4.2) [49]. This is because a transmission line
with characteristic impedance Z0 and insertion phase φ is equivalent to a
low pass π configuration at carrier frequency f , if the following equations
are valid:

ZL = 2π f L = Z0 sin(φ) (4.2)

YC = 2π fC =
1
Z0

tan(
φ

2
) (4.3)

Although the inductor values may be varied by using active inductors,
active inductors consume high dc power and increase the circuit and con-
trol complexity. Therefore, it is often to fix the inductor value by using a
lumped inductor or a distributed transmission line.

The capacitance values can be varied by using MOS varactors or switch-
ing capacitors. The capacitance values YC are varied such that they create
a perturbation in the phase of the signal, while the amplitude perturbation
needs to be minimized in both states. As shown in Figure 4.3 [49], if the
capacitance-control ratio rC = YC,max/YC,min is limited, increasing the cen-
ter characteristic length φ0 close or equal to 90o can help to achieve a large
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Figure 4.3: Phase-control range ∆φ versus capacitance-control ratio rC and
center characteristic length φ0 [49]( c©IEEE 2003).

phase control range. For example, if rC = 1.5 and φ0 = 90, the theoretical
phase control range is approximately 22o. Due to the limited capacitance-
control ratio (YC2/YC1), loaded-line phase shifters are usually only used for
45o or lower phase-shift steps.

In Chapter 5, we will present a 60GHz 4-bit loaded-line phase shifter
in a 65nm CMOS technology.

4.3 Reflection-Type Phase Shifters

Figure 4.4 shows a reflection-type phase shifter [50, 56]. A quadrature
coupler divides the input signal into two signals 90o out of phase. These
signals reflect from a pair of reflective loads, and combine in phase at the
phase shifter output. The phase of the reflection-type phase shifter can be
controlled by varying the impedance of the reflective load Zl . The reflec-
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Figure 4.4: A reflection-type phase shifter [56] (used with permission from
Microwaves101.com).

tion coefficient can be expressed as

Γ =
Zl −Z0

Zl +Z0
(4.4)

If Zl varies from Zmin to Zmax, the phase shift achieved is given by

∆φ = 2[arctan(
Zmax

Z0
)− arctan(

Zmin

Z0
)] (4.5)

Reflection-type phase shifters can be used to provide both large and
small phase shifts. For example, if the reflective loads use only varactors
with a capacitance-control ratio of 4, the theoretical phase control range
is 60o [50]. If the varactors are used in series resonance with inductors,
phase-control ranges of over 360o can be theoretically reached even with
such limited capacitance control ranges [50].

There are two main disadvantages in using reflection-type phase shifters.
First, a silicon-based on-chip quadrature coupler often occupies a large
chip area and has a high insertion loss at mm-wave frequencies. Sec-
ond, programming of the reflection coefficient brings variations in both
the phase and the amplitude of the reflected signal, which often results in
large variations in loss over different phase settings.
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Figure 4.5: A high-pass low-pass phase shifter [56] (used with permission
from Microwaves101.com).

4.4 Switched-Filter Phase Shifters

Switched-filter phase shifters can be implemented, for example, either
by switching between high-pass/low-pass states which is called a high-
pass/low-pass phase shifter [52,56]; or by switching between high-pass/by-
pass states which is named a switched high-pass filter phase shifter [51–
53].

A high-pass/low-pass phase shifter can achieve a constant phase shift
over a large frequency range. As shown in Figure 4.5, the phase shifter
switches to one arm as a high-pass filter or the other arm as a low-pass
filter. It looks like a switched-line phase shifter that uses lumped elements
instead of transmission lines. This phase shifter offers a compact layout at
“low frequencies”(i.e. below X-band) where transmission lines are large.
Similarly to switched-line phase shifters, it is difficult to design a silicon
based high-pass/low-pass phase shifter at mm-wave frequencies, because
MOSFET switches have high insertion loss during on and low isolation
during off.

In comparison with a high-pass/low-pass phase shifter, a switched high-
pass filter phase shifter (Figure 4.6) does not require SPDT switches, which
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Figure 4.6: A switched high-pass filter phase shifter.

may result in less insertion loss. In the bypass state, SW1 shorts out the
series capacitor, SW2 opens and disconnects the shunt inductors L from
ground. In this way, the input signal is bypassed to the output. In the
high-pass state, SW1 opens and SW2 shorts, and the high-pass π filter is
realized. The high-pass filter’s values are chosen such that it provides the
required transmission phase while it has almost no effect on the amplitude
in the high-pass state. However, it is still difficult to implement such a
phase shifter at mm-wave frequencies due to the limitations of MOSFET
switches.

4.5 Traveling-Wave Phase Shifters
Different phase shifts can also be achieved by interpolating the signal from
different locations of a transmission line. Figure 4.7 shows a traveling-
wave phase shifter [44, 54], which is also called a distributed phase shifter
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Figure 4.7: Concept of a traveling-wave phase shifter.

since it uses a technique that is also used in a distributed amplifier. It
consists of a transmission line with impedance termination Z0 and sev-
eral switches. The parasitic capacitance of the switches can be (partly)
absorbed into the transmission lines; this relaxes the requirements of the
switches. If one of the switches among S1, S2, S3 or S4 is on and the re-
maining switches are off, the ideal insertion phase from the input (Vin) to
output (Vout) will be 0, φ1, φ1 +φ2 or φ1 +φ2 +φ3 respectively.

There are two main problems to implement a traveling-wave phase
shifter at mm-wave frequencies. First, the impedance of switches often
changes significantly during on or off, which results in large amplitude
variations and phase errors over different phase settings. Second, there is
inherent power loss and extra noise contribution, because part of the in-
put power sinks into the impedance termination Z0 instead of going to the
output (Vout).

4.6 Vector-Modulator Based Phase Shifters

Fig. 4.8 shows a vector-modulator based phase shifter [19, 55]. It is based
on programmable weighted combinations of I/Q signals. The phase shift



4.6. VECTOR-MODULATOR BASED PHASE SHIFTERS 47

Figure 4.8: A vector-modulator based phase shifter.

achieved is given by
φ = arctan(A j/Ar) (4.6)

The gain of the phase shifter can be expressed as

A =
√

A2
r +A2

j (4.7)

Here Ar and A j are the voltage gain of the two VGAs in the I/Q paths
respectively. By programming the ratio of A j/Ar in different settings, the
phase shift can vary between 0o to 90o. By changing the polarity of Ar and
A j, a phase control range of 360o can be achieved, which can be done by
swapping the positive and negative paths in differential circuits. Further-
more, the gain of the phase shifter can be kept near constant over different
phase settings.

The accuracy of the phase shift depends on the accuracy of the I/Q
signal generation and the gain ratio of the two VGAs. The I/Q signals can
be generated using a quadrature coupler [57], an RC poly-phase filter [19],
a high-pass/low-pass filter, a quadrature all-pass filter [55] or simply a 90o

transmission line [21, 58]. A VGA can be controlled by e.g. changing the
DC bias current of the transistors [55], or the DC bias voltage of a cross-
coupled quad [57, 59], or through digitally controlled current steering by
turning on or off a certain number of unit transistors in parallel [19, 58].

In contrast to the passive phase shifters, a vector-modulator based phase
shifter is promising to achieve high gain and high phase accuracy. The
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drawback is that it often has a lower linearity as compared to that of a pas-
sive phase shifter. A 60GHz 4-bit vector-modulator based phase shifter
and its integration with LNA and PA in a 65nm CMOS technology will be
presented in Chapter 6 and Chapter 7.

4.7 Conclusion
Phase shifters are essential components in a phased array for adjusting the
phase of each antenna path and steering the beam. The requirements of
phase shifters include large phase-control range (360o), high phase-shift
resolution(e.g. 22.5o), low insertion loss (or even gain), low variations in
loss over all phase states, etc.

It is challenging to design RF phase shifters at mm-wave frequencies
(60GHz) in a CMOS technology. Some phase shifters, such as switched-
line and switched-filter phase shifters, suffer from the limited performance
of MOSFET switches. Other phase shifters, such as reflection-type and
traveling-wave phase shifters, often have high insertion losses and large
variations in losses. In the next Chapters, we will present both a 60GHz
passive phase shifter and a 60GHz active phase shifter in a 65nm CMOS
technology.
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A 60GHz Passive Phase Shifter

This chapter presents the design of a 60GHz 4-bit passive phase shifter in
a 65nm CMOS technology (Figure 5.1). The phase shifter consists of a
differential transmission line loaded with a differential MOS varactor at
each side. It achieves a phase-shift step size of 22.5o (4-bit) and a phase
control range of 360o at 60GHz.

This chapter is organized as follows. Section 5.1 presents the design of
a 60GHz 4-bit passive phase shifter. The measurement results of the phase
shifter are presented in Section 5.2. This chapter is published in [60].

5.1 Design of a Passive Phase Shifter

As discussed in Section 4.2, phase shifters can be designed by tuning (part
of) the lumped-element equivalent of a transmission line. In this work,
a differential varactor-loaded transmission line phase shifter (Figure 5.2)
is designed and implemented. The phase shifter consists of a differential
transmission line loaded with a differential MOS varactor at each side. The
cross-sectional view of a differential MOS varactor is shown in Figure 5.3.
The top and bottom plates of the varactor are formed by the poly gates

49
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Figure 5.1: An RF phase shifter for 60GHz phased arrays.

Figure 5.2: Schematic of a differential phase shifter consisting of a differ-
ential transmission line loaded with a differential varactor at each side.

and n-well. The differential gate terminals of the varactor are connected to
the transmission line and the n-well of the varactor is connected to the DC
control voltage. The varactor capacitance can be varied by the DC control
voltage.

One advantage of using a differential phase shifter is that the differen-
tial paths can be swapped to provide a discrete phase step of 180o, when
e.g. integrated with a differential amplifier. Therefore, a differential phase
shifter is only required to achieve a phase control range of another 180o.
Another advantage of using a differential phase shifter is that a differential
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Figure 5.3: A cross-sectional view of a differential poly/n-well MOS var-
actor.

varactor has better capacitance-control range and better quality factor as
compared to a single-ended varactor. This is because operating in a dif-
ferential mode, the n-well node of a varactor is a virtual ground and less
sensitive to parasitics (i.e. Rp and Cp). In contrast, it is difficult to create a
low-impedance broadband AC ground at the n-well node of a single-ended
varactor especially at 60GHz. As a result, a differential loaded-line phase
shifter has better performance as compared to a conventional single-ended
loaded-line phase shifter.

Figure 5.4 shows the performance of a differential MOS varactor at
60GHz in simulation. The DC bias voltages of the gates are set to 0.6V
and the DC control voltage at the n-well is swept from 0 to 1.2V. The
capacitance-voltage (CV) curve is almost flat when the control voltage is
around 0 or 1.2V. By setting the control voltage digitally to either 0 or 1.2V,
the varactor has a capacitance-control ratio of about 2 and a quality factor
of more than 15 at 60GHz. The advantage of using binary voltage control,
instead of using analog or multi-bit voltage control between 0 to 1.2V, is
that it is less sensitive to the noise on the control voltage.
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Figure 5.4: The simulated capacitance and quality factor of a differential
MOS varactor at 60GHz.

The transmission line in Figure 5.2 might be replaced by distributed
low-pass structures consisting of spiral inductors and capacitors [49]. The
advantage of using a transmission line instead of a spiral inductor is that
a transmission line is easy to model, scalable and has better isolation be-
tween the lines. The phase control range of a phase shifter depends on the
capacitance-control ratio of the varactor and the length and characteristic
impedance of the transmission line. By using a high-impedance transmis-
sion line, a large phase control range can be achieved. A high-impedance
transmission line, however, usually has a higher loss. As a trade-off be-
tween the phase-control range, insertion loss and return loss, the differen-
tial impedance of the transmission line is chosen to be equal to the system
impedance (100Ω).

The transmission line used in this work is shown in Figure 5.5a. It is a
differential coplanar transmission line in a ground-signal-ground-signal-
ground (GSGSG) configuration with a solid ground plane. The signal
lines are isolated from each other and also from the lossy silicon substrate.
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Therefore, the electromagnetic (EM) modeling of the transmission line is
relatively simple, accurate, less frequency dependent, and less process de-
pendent (e.g. to the resistivity and thickness of the substrate), as compared
to other transmission line structures without a solid ground plane. Besides,
different transmission lines can be closely placed together in the layout to
save area. The signal lines are using the top metal layer (metal-7) which
achieves the desired characteristic impedance with a low insertion loss for
two reasons: firstly, these lines are relatively thick (0.9µm); secondly, these
lines are relatively far from the ground plane and can be reasonably wide
for the desired characteristic impedance. The ground lines are using the top
metal layer (metal-7) that is connected to the bottom metal layer (metal-1)
through vias, and form a solid ground plane using the bottom metal layer
(metal-1) underneath the signal lines. Based on EM simulation results, the
width and spacing of the signal lines and ground lines are all 4µm at the
top metal layer (metal-7), which achieves a differential impedance of 100Ω

with a relatively low insertion loss and a small chip area.
Figure 5.5b shows the measurement results of the transmission line.

It has a measured differential impedance Z0 = 100Ω, a relative dielectric
constant (εr) of 3.8 and an attenuation of 1.08dB/mm at 60GHz, which
matches the EM-simulation results. The difference between simulated and
measured Z0 is probably due to the accuracy of de-embedding, since there
are open and short stubs used as test structures, whereas load and through
structures are not available.

Due to the limited capacitance-control ratio of a MOS varactor, the
phase control range of each phase shifter section is designed to be around
22.5o at 60GHz. The length of each transmission line is 0.16 wavelengths
at 60GHz. The insertion phase of each section is designed to be around
either -101o or -79o when the control voltage is low or high respectively,
the center insertion phase of which is -90o, in order to keep the impedance
relatively constant when switching states.

Seven π-sections are cascaded to achieve a total phase control range of
157.5o as shown in Figure 5.6, whereas a discrete phase step of 180o can
be provided by swapping the differential paths. The DC bias voltages of
the transmission lines are 0.6V. There are 8 different phase states by setting
the control voltage of a certain number of π-sections to logic low or high
according to 3 digital control bits (VN2, VN1 and VN0 in Figure 5.6).
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(a)

(b)

Figure 5.5: (a) A differential coplanar (GSGSG) transmission line, in
which the signal lines use the top metal layer (metal-7) and the solid ground
plane uses the bottom metal layer (metal-1) underneath the signal lines, and
(b) its measured results.
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Figure 5.6: A schematic of 60GHz phase shifter, in which seven π sections
are cascaded to realize a phase control range of 157.5o.

Figure 5.7: Photograph of the 60GHz passive phase shifter including open
and short de-embedding structures.

The phase shifter can be extended to e.g. 5-bit by cascading another
π-section that provides a phase step of 11.25o.
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Figure 5.8: The measured insertion phase of 8 different phase states over
frequency.

Figure 5.9: The measured relative phase shift of 8 different phase states
over frequency.
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Figure 5.10: The synthesized phase shift of 16 different phase states, with
the differential paths swapped to provide a discrete 180o phase shift.

Figure 5.11: The measured insertion loss of 8 different phase states over
frequency.
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Figure 5.12: The measured return loss of 8 different phase states over fre-
quency.

5.2 Measurement Results

The phase shifter is implemented in a 65nm CMOS technology and oc-
cupies an active area of 0.2mm2. Figure 5.7 shows the photograph of the
phase shifter. Open and short de-embedding structures are used to correct
for the bondpad and ESD parasitics. The total chip area is 1mm2.

Figure 5.8 shows the measured insertion phase [phase(S21)] of the 8
different phase states over frequency. At 60GHz the phase resolution is
22o and the phase control range is 156o. The RMS phase error of the 8
phase states is less than 9.2o, as compared to an ideal 4-bit phase shifter,
for all the frequencies from 50 to 65GHz.

Figure 5.9 shows the relative phase shift of the 8 different phase states
referred to state 000 (N2 = N1 = N0 = 0). The phase shifter provides an
almost linear phase shift from 1 to 67GHz. With the differential paths
swapped to provide another 180o phase step, we achieve 16 different phase
states as shown in Figure 5.10.
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Figure 5.11 shows the measured insertion loss [dB(S21)] of the 8 dif-
ferent phase states over frequency. The insertion loss is within 9.4±3.1dB
over the 8 phase states at 60GHz. The loss variation is due to the low Q
and large capacitance of a varactor when the DC control voltage is low
(as shown in Figure 5.4). The average insertion loss is between 8.5dB and
10.3dB from 55 to 65GHz. Variable gain amplifiers can be used in each
RF path to equalize the loss variation of the phase shifters and avoid array
pattern degradation.

Figure 5.12 shows the measured input and output return loss of the
phase shifter, which are better than 10dB from 55 to 65GHz.

In Table 5.1, the key results of this work are summarized and compared
with other published passive [48, 49, 52, 57] and active [53–55, 57] phase
shifters in compound semiconductors and silicon. The phase shifter pre-
sented in this work has a low insertion loss (among passive phase shifters)
and a high phase resolution at 60GHz.
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Table 5.1: Benchmark of mm-wave phase shifters

Ref. Freq.
[GHz]

Phase
range/step
[o]

Gain [dB] DC power
[mW]

Tech.

This work 60 180
diff./22.5

-9.4 Passive ∼0 65nm
CMOS

[49] 5.5 360/analog -3.9 Passive ∼0 0.6µm
GaAs
MESFET

[52] 12 360/11.25 -14.5 Passive ∼0 0.18µm
CMOS

[48] 34 360/22.5 -13.1 Passive ∼0 0.15µm
GaAs
HJFET

[54] 12 360/22.5 3.5 Active
26.6

0.18µm
CMOS

[55] 26 360/22.5 -3 Active 12 0.13µm
CMOS

[53] 34 360/22.5 1 Active 5.4 0.12µm
SiGe
BiCMOS

[57]1 60 180/analog
(+DAC)

-7 Passive ∼0 0.13µm
SiGe
BiCMOS

[57]1 60 360/analog
(+DAC)

-2 Active 32 0.13µm
SiGe
BiCMOS

1 Published later than this work [60].
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5.3 Conclusion
A 60GHz 4-bit passive phase shifter has been implemented in a 65nm
CMOS technology. It is based on a differential varactor-loaded trans-
mission line architecture, which consists of a differential transmission line
loaded with a differential MOS varactor at each side.

The 60GHz passive phase shifter achieves low cost, simple design, low
insertion loss and small phase-shift step size (22.5o). The loss (variation)
of this passive phase shifter can be overcome using an extra (variable gain)
amplifier stage at the cost of chip area and power consumption. On the
other hand, an active phase shifter with less insertion loss (or even some
gain) and less variations in loss will also be of interest. In the next two
chapters, we will present a 60GHz vector-modulator based active phase
shifter and its integration with a low-noise amplifier (LNA) and a power
amplifier (PA) for 60GHz phased arrays.
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6

A 60GHz Active Phase Shifter Integrated with
LNA

This chapter presents a 4-bit active RF phase shifter that is based on pro-
grammable weighted combinations of I/Q paths with digitally controlled
variable gain amplifiers (VGAs). Compared to the passive designs [53,57,
60, 62, 63], this phase shifter achieves high gain, small area, large phase
shift range (360o) and small phase-shift step size (22.5o). Instead of us-
ing an all-pass polyphase filter [55, 59] or quadrature coupler [57], the I/Q
signals are generated using a 90o transmission line that enables low loss
and sufficient I/Q accuracy. The gain settings of the VGAs are achieved
through digitally controlled current steering by turning on or off a certain
number of unit transistors in parallel. The fully digitally controlled phase
shifter allows for a simple control and better immunity to the noise in the
control lines.

With the use of the 4-bit active RF phase shifter, this chapter describes
the design of a 60GHz two-path receiver (Fig. 6.1) in which each path
consists of an LNA, a phase shifter and part of a combiner, in a 65nm
CMOS technology.

This chapter is organized as follows. The principle of the active RF
phase shifter is discussed in Section 6.1. The design and implementation
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Figure 6.1: A 60GHz phased array receiver front-end using RF-path phase
shifting.

of the RF phase shifter is presented in 6.2. Section 6.3 discusses the design
of a 60GHz LNA and a 60GHz combiner. The measurement results of this
receiver path are presented and discussed in Section 6.4. This chapter is
published in [58, 61].

6.1 Principle of an Active RF Phase Shifter
The active RF phase shifter has a phase resolution of 22.5o (4-bit resolu-
tion) and a phase control range of 360o. The propagation time delay in
a phased array system is approximated to a constant phase shift over the
signal bandwidth, which may lead to distortion in a system that uses a
broadband high order modulation scheme or uses an instantaneously wide
bandwidth [44, 45]. System simulation shows that the use of a 4-bit con-
stant phase shifter meets the requirements including error vector magnitude
(EVM) and array patterns of a 60GHz 8-path phased array transceiver,
which employs shaped QPSK modulation (β = 0.5) and has bit rates of
10Gbps (Section 3.5).

The active RF phase shifter has low insertion loss (or even gain) and
low variation in loss. In this way, it is not required to implement an LNA
or PA with very high gain, programmable gain settings, and large power
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Figure 6.2: Block diagram of the active phase shifter.

dissipation in order to compensate the loss and loss variations. The phase
shifter also requires sufficient linearity, because in the receiver path, the
LNA and phase shifter may need to process the desired signals along with
strong interferers, whereas beamforming and possible “nulling”of jammer
are achieved after signal combining. In the transmitter path the phase
shifter should not limit the linearity and output power of the transmitter.

Fig. 6.2 shows the block diagram of the active RF phase shifter. The
input signal (Vin) is fed through two paths with or without a 90o phase shift
respectively, which generates I/Q signals. These I/Q signals are weighed
by separate VGAs (Ar and A j) and combined at the output (Vout). If the
input impedance of each VGA (Zin) is equal to the characteristic impedance
(Z0) of the transmission line, and if there are no gain and phase errors in
the I/Q signals, the output signal of the phase shifter can be expressed as

Vout = (Ar + jA j)Vin (6.1)

The phase shift achieved is given by

φ = arctan(A j/Ar) (6.2)

The gain of the phase shifter can be expressed as

A =
√

A2
r +A2

j (6.3)
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Figure 6.3: Phase shift achieved with (a) ideally weighted I/Q signals; and
(b) gain and phase errors in the weighted I/Q signals.

Here Ar and A j are the gains of the two VGAs in the I/Q paths respec-
tively, which are given by

Ar = A0 cos(φ) (6.4)
A j = A0 sin(φ) (6.5)

in which φ is the desired phase shift, and A0 is a constant representing the
gain of the phase shifter. In this way, the phase shifter achieves a phase
shift of φ with a constant gain of A0, as shown in Fig. 6.3(a).

However, there are often gain and phase errors in the weighted I/Q sig-
nals before signal combination, which result in gain and phase error in the
desired phase shift [Fig. 6.3(b)]. This is because, firstly, the 90o transmis-
sion line itself has gain and phase errors. Secondly, there can be impedance
mismatch (and therefore reflection) between the input impedance of each
VGA (Zin) and the transmission line (Z0). In the 60GHz broadband sys-
tem this impedance mismatch is often more severe, as compared to that at
lower frequencies, due to the variation of impedance (Zin and Z0) within
the broad band of interest. Thirdly, gain and phase errors can also be con-
tributed by the weighting of the two VGAs. If we model the overall gain
errors and phase errors in the weighted I/Q signals as ε and θ respectively,
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the output signal (Vout) of the phase shifter can be expressed as

Vout = [Ar +A j(1− ε)e j( π

2−θ)]Vin

≈ [(Ar +θA j)+ jA j(1− ε)]Vin

= [cos(φ)+θ sin(φ)+ j sin(φ)(1− ε)]A0Vin

(6.6)

The phase shift achieved due to the gain and phase errors in the weighted
I/Q signals is given by

φ
′ = arctan

sin(φ)(1− ε)
cos(φ)+θ sin(φ)

(6.7)

As compared to the ideal phase shift in Equation (6.2), the phase error
of the phase shifter due to the gain and phase errors in the weighted I/Q
signals can be written as

∆φ = φ
′−φ

= arctan[
−θ

2 −
ε

2 sin(2φ)+ θ

2 cos(2φ)

1− ε

2 + θ

2 sin(2φ)+ ε

2 cos(2φ)
]

≈ −
θ

2
−

ε

2
sin(2φ)+

θ

2
cos(2φ)

(6.8)

The RMS phase errors (in radians) of the phase shifter [29], as com-
pared to an ideal phase shifter, can be expressed as

∆φRMS =

√
1

2π

∫ 2π

0
(φ ′−φ)2dφ

≈

√
3
8

θ 2 +
1
8

ε2

(6.9)

The gain of the phase shifter with the gain and phase errors in the
weighted I/Q signals is given by

A′ = A0

√
(cos(φ)+θ sin(φ))2 + sin2(φ)(1− ε)2

≈ A0
√

1− ε +θ sin(2φ)+ ε cos(2φ)
(6.10)



68
CHAPTER 6. A 60GHZ ACTIVE PHASE SHIFTER INTEGRATED

WITH LNA

As compared to an ideal phase shifter, the RMS gain errors (in dBs)
[29] of the phase shifter can be expressed as

∆ARMS,dB =

√
1

2π

∫ 2π

0
(A′dB−A0,dB)2dφ

≈ 8.7

√
1
8

θ 2 +
3
8

ε2

(6.11)

From Equation (6.9) and (6.11), for example, in order to design a 4-
bit phase shifter with RMS gain and phase errors of less than 1.7dB and
11.25o respectively, we should have ε 6 0.28 and θ 6 0.28. In other words,
in comparison to an ideal phase shifter with perfect I/Q signal generation
and weighting, the gain and phase errors in the weighted I/Q signals be-
fore signal combination should be less than 2.8dB and 16o respectively.
It is worth pointing out that a 90o transmission line contributes less than
9o phase error within 20% bandwidth at 60GHz. Therefore, it is used to
generate the broadband I/Q signals at the 60GHz band. The transmission
line structure and its measurement results are presented in Fig. 5.5a and
Fig. 5.5b. A 90o transmission line has a width of 36um, a total length of
650µm and an measured insertion loss of 0.7dB at 60GHz.

In order to generate 4-bit phase shifts (Fig. 6.4), the gain ratio of the
two VGAs in the I/Q paths (A j/Ar) is programmed in certain discrete set-
tings such as 0/3, 1/3, 2/2, 3/1 or 3/0, in this way the phase shift can
vary between 0o to 90o in a step of approximately 22.5o. By changing the
polarity of Ar and A j independently, a phase control range of 360o can be
achieved, which can be done by swapping the positive and negative paths
in the differential circuits of the two VGAs. Note that the gain ratio set-
tings of A j/Ar are set to 1/3 or 3/1 in order to achieve phase shift of 22.5o

or 67.5o, since these ratio settings are simpler to be implemented than the
exact gain ratios of 1/2.4 or 2.4/1 for these phase shifts. The resulting
gain and phase errors in the phase shifter due to these simplified gain ratio
settings are well acceptable for this application (as it needs antenna gain
but no interferer nulling). As compared to an ideal 4-bit phase shifter, this
phase shifter achieves a peak gain error of less than ±0.5dB and a peak
phase error of less than 4o for the different phase settings in simulation,
when used in combination with ideal I/Q signals. The phase shifter can
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Figure 6.4: Generating the 360o phase shifts in 22.5o steps by pro-
grammable weighted combinations of I and Q signals in discrete settings.

be extended to achieve higher phase resolution, for example, 5-bit, by pro-
gramming A j/Ar in more discrete settings.

6.2 Design of an Active RF Phase Shifter

Fig. 6.5 shows the schematic of the active RF phase shifter for a re-
ceiver. The input transconductance stage, 90o line and two digitally con-
trolled VGAs are merged in a common-source cascode configuration for
low power, high gain and stability considerations. The input transconduc-
tance stage (M1-M4) converts the signal (Vin+ and Vin−) into separate cur-
rents. I/Q signals are generated by feeding these currents through two paths
with and without a 90o transmission line respectively. Two digitally con-
trolled VGAs weigh these I/Q signals separately and generate the required
phase at the combined output (Vout+ and Vout−). The shunt transmission
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Figure 6.5: Schematic of a 60GHz 4-bit phase shifter in the receiver.

line (Lp) cancels the impedance contributed by the input capacitance of the
VGA at 60GHz. The real part of the input impedance of each VGA (Zin) is
chosen to be equal to the characteristic impedance of the 90o transmission
line (Z0).

The VGAs in the phase shifter are implemented using a common-gate
configuration as shown in Fig. 6.6. The gain is programmed by switching
on or off a certain number of unit transistors, which are connected to Vout+
,Vout− or Vdd respectively. The connections of these transistors are based
on the digital control at their gates. In this way, the desired portion of the
input currents of each VGA is diverted to the output, while the remaining
portion is fed into the supply. For example, if 1/4 of the input current of the
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Figure 6.6: Schematic of a VGA in the phase shifter of the receiver.

I-path VGA and 3/4 of the input current of the Q-path VGA are diverted
to the output, the gain ratio of the two VGAs (A j/Ar) is 3/1; therefore,
the phase shift achieved is approximately 67.5o. By programming A j/Ar
to 0/3, 1/3, 2/2, 3/1 or 3/0 as well as changing the polarity of Ar and
A j, the phase shifter achieves a phase control range of 360o in steps of
approximately 22.5o. This current steering approach provides a phase shift
that is in the first order insensitive to the variations in technology, supply
voltage and temperature (PVT), since the phase shift is set by the gain ratio
and therefore the number of unit transistors that connects to the output of
the two VGAs. Moreover, by using the dummy transistors that connect to
Vdd , the total number of unit transistors switched on is constant. In this
way, the variations of the VGA input impedance are minimized, which
provides the broadband load impedance required at the output of the 90o

transmission line.
In simulation, the active RF phase shifter in the receiver (Fig. 6.5) has

an average insertion gain of 0dB, an output P1dB of -9dBm at 60GHz and
consumes 19.5mW.

6.3 Design of an LNA and a Combiner

Thanks to the active RF phase shifter with low loss, the requirements of
the LNA are low noise figure, reasonable gain and low power consump-
tion. The two-stage differential LNA is shown in Fig. 6.7. The common-
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Figure 6.7: Schematic of a 60GHz LNA.

source cascode configuration offers low noise, high gain and stability. The
input of the LNA is matched to 100Ω differential antennas [64]. There
is inductive degeneration at the source of the input transistors to provide
broadband power and noise matching. Measured results (Fig. 6.8) show
that a stand-alone LNA has a measured minimum noise figure of 5.5dB
and a power gain of 8.4dB at 61GHz. The 3dB-bandwidth is 10.4GHz.
The LNA consumes 39mW.

The combiner that follows the phase shifters is shown in Fig. 6.9. The
RF signals from two antenna paths are fed into two common-source cas-
code amplifiers. Subsequently, the signals are combined at the outputs of
these amplifiers. The output of the combiner is matched to 100Ω differen-
tially for measurement purposes. The common-source cascode configura-
tion provides isolation between two antenna paths. It achieves a simulated
insertion gain of 4dB (from Vin1 or Vin2 to Vout) at 60GHz and consumes
19.5mW. This implementation of power combiner has a higher gain than
a passive power combiner (such as a Wilkinson power combiner [29]). It
is worth pointing out that by connecting more amplifiers in parallel, this
combining method can be scaled to more paths (Fig. 6.10a). However,
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Figure 6.8: Measured performance of a stand-alone LNA.

for a large number of paths, the output impedance of the combiner may
be reduced significantly. Therefore, it becomes difficult to drive the load
impedance of the combiner (i.e. the input impedance of the mixer). The
loading problem can be solved by using multiple combiner stages in a tree-
structure to combine a large number of paths while maintaining sufficient
output impedance (Fig. 6.10b) [27].

The spiral inductors in this work use the top-two metal layers (metal-7
and metal-6) as signal paths, the bottom metal layer (metal-1) as a pat-
terned ground shield, and are implemented using single-turn differential
inductors with center tap. Simulations using the LSIM 3.1 tool [65] show
that the quality factors of the inductors are higher than 20 at 60GHz, thanks
to the thickness of metal-7 and metal-6 (0.9µm each). The capacitors are
implemented using the intermediate metal layers stacking from metal-2 to
5, with minimum-spacing interdigitated fingers fringe capacitor configura-
tion. Metal-1 is not used due to the significant parasitics to the substrate,
whereas metal-6 and metal-7 are not used because of the larger spacing
required in these two layers. In the simulation, the capacitors have quality
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Figure 6.9: Schematic of a 60GHz combiner.

Figure 6.10: Signal combining method by using (a) parallel combination;
and (b) tree-structure combination
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factors of around 10 at 60GHz.
To achieve optimal noise figure and power gain, the finger width of

the MOS transistors is chosen to be 1µm and the DC current density is ap-
proximately 0.15mA per µm-gate-width. Wideband matching networks are
adopted in order to provide broadband performance with low sensitivity to
modeling inaccuracies and process variations. Extensive parasitic extrac-
tions have been performed on the layouts and taken into account during
the circuit simulation. Long on-chip interconnect lines are implemented
as transmission lines. The supply voltage in the receiver path is 1.5V in
order to provide voltage headroom in the cascode topologies. Since the
gates of the cascode transistors are all connected to 1.5V, within the 1dB
compression point the voltage swings at the inductive loads are less than
the threshold voltage (VT H) of the transistors. The cascode structures help
to reduce the voltage stress on each transistor well below the specified
breakdown voltage, although special attention is needed when the product
is powered down.

6.4 Measurement Results

As shown in Fig. 6.1, a two-path 60GHz receiver is implemented in a
65nm CMOS technology, in which each path consists of an LNA, a 4-
bit RF phase shifter and part of a combiner (a common-source cascode
amplifier). Each phase shifter is controlled independently using digital
inputs that are loaded to the phase shifter by a serial peripheral interface
(SPI). Fig. 6.11 shows the die photo. The die area is 1.6mm2 and the
active circuit occupies 0.9 mm2. The layout is symmetrical between the
two receiver paths.

Each receiver path consumes 52mA from a 1.5V supply, in which the
LNA, phase shifter and part of a combiner consume 26mA, 13mA and
13mA respectively.

Fig. 6.12 shows the measured noise figure of one receiver path for
16 digitally controlled phase settings. The noise figure is between 6.7 to
7.2dB across all phase settings at 61GHz, which is mainly contributed by
the LNA with a measured noise figure of 5.5dB.

The measured insertion phase [phase(S21)] of one receiver path for 16
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Figure 6.11: Chip photo of a two-path 60GHz receiver in which each path
consists of an LNA, a phase shifter and part of a combiner.

Figure 6.12: Measured noise figure of one receiver path for 16 phase set-
tings.
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Figure 6.13: Measured insertion phase of one receiver path for 16 phase
settings.

phase settings is depicted in Fig. 6.13. The phase step is approximately
22.5o (4-bit resolution) and the phase control range is 360o in the 60GHz
band.

Fig. 6.14 highlights the relative phase shifts of one receiver path for 16
phase settings by setting the phase state 0000 as a reference. This shows
that the 4-bit phase shifts achieved are relatively constant over a wide fre-
quency range, which is due to the broadband I/Q signal generation and
the frequency insensitive gain ratio of the two VGAs that weigh these I/Q
signals.

Fig. 6.15 presents the measured insertion gain [dB(S21)], input and
output return loss [dB(S11) and dB(S22)] of one receiver path for 16 phase
settings. At the center frequency of 61GHz, the average insertion gain is
12dB, and the peak-to-peak gain variation is 3.4dB across all phase set-
tings. The 3dB bandwidth is 5.5GHz. This insertion gain is contributed
separately by the LNA that has measured gain of 8.6dB, the part of the
combiner that has a simulated gain of 4dB, and the phase shifter that has a
simulated average gain of 0dB. The measured S11 and S22 of one receiver
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Figure 6.14: Measured relative phase shift of one receiver path for 16 phase
settings.

Figure 6.15: Measured insertion gain, input and output matching of one
receiver path for 16 phase settings.
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(a)

(b)

Figure 6.16: Measured RMS gain and phase errors: (a) of the 16 phase
states; (b) of the I and Q signals as compared to an ideal 4-bit phase shifter
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Figure 6.17: Measured power gain and output power of one receiver path
at 61GHz versus the RF input power.

path for 16 phase settings are -13dB and -8dB respectively at 61GHz,
which are determined by the input matching of the LNA and the output
matching of the combiner separately and do not change for different phase
settings.

Derived from the measured insertion gain and phase shifts, Fig. 6.16a
shows the RMS gain and phase errors of the 16 phase states. They are
0.9dB and 7o at 61GHz respectively, as compared to an ideal 4-bit phase
shifter with a uniform gain. As highlighted in Fig. 6.16b, the RMS gain
and phase errors of the I/Q signals, which are measured indirectly using
phase state 0o, 90o, 180o and 270o, are 0.8dB and 6.8o respectively at
61GHz. These frequency dependent gain and phase errors are contributed
by the 90o transmission line, the impedance mismatch between the input
of each VGA (Zin) and the transmission line (Z0), as well as the layout
mismatch in the pseudo-differential paths.

Fig. 6.17 shows the measured non-linearity of one receiver path. The
power gain and output power are plotted as a function of the RF input
power at 61GHz. The measured input referred P1dB of one receiver path
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Figure 6.18: Simulated normalized 2-path beam patterns of the receiver
(e.g. for an angle of arrival of -60o, -30o, 0o or 45o) constructed from the
measured performance of each path.
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is observed to be -16dBm at 61GHz. This P1dB is limited by the input
transconductance stages of the phase shifter and can be improved by e.g.
source degeneration, at the cost of reduced gain and/or increased power
consumption.

The measured isolation between the two input ports of the receiver is
-43dB, thanks to the pseudo-differential cascode topologies with differen-
tial inductors used in the LNA, phase shifter and combiner.

The mismatches of the two receiver paths are measured through two-
port S-parameter measurements in either of the two paths over different
phase settings. By comparing the S-parameters of the two paths for the
same phase settings, the insertion gain and phase mismatches of the two
paths are quantified as RMS gain mismatch and RMS phase mismatch [29].
The measured RMS gain and phase mismatch of the two paths are 0.4dB
and 2.1o respectively at 61GHz. Since the layout of the two receiver paths
are symmetrical to each other, these mismatch results can be contributed
by the measurement inaccuracies (brought by probe placement and cable
stability when measuring one of the two paths at a time), as well as process
mismatch, temperature variation, etc.

Fig. 6.18 shows the simulated normalized 2-path beam patterns e.g.
for angle of arrival (θ ) of -30o, 15o, 45o or 60o at 60GHz. These patterns
are constructed in ADS from the measured insertion gain and phase shift
of each receiver path for various phase settings. The simulation assumes
that a linear array of isotropic antennas are used without mutual coupling,
that the antenna spacing is λ/2 at 61GHz, and that the lengths of the in-
terconnects from the antennas to each path are equal [28, 29]. In the ideal
case, each receiver path is assumed to have a uniform gain of 12dB (the
measured average power gain of each path) and infinite phase resolution,
and the first and second path use a phase shift of 0 and 180o×sin(θ) re-
spectively. In the measurement cases, the phase required in each path is
digitized to the nearest measured 4-bit phase states, and the correspond-
ing insertion gain and phase shift are used. The beam patterns constructed
from measured results are very close to the ideal patterns: the beam direc-
tions are almost the same, and the peak array gain has less than 1.2dB dif-
ference in the worst case. This is due to the very low RMS gain and phase
errors in the 16 phase settings. The RMS gain and phase errors rather than
the peak-to-peak errors of each path are more relevant in the beam patterns



6.4. MEASUREMENT RESULTS 83

especially when using a large number of antennas, since there are typically
different phase settings in the different antenna paths. Therefore, the gain
and phase errors of the different antenna paths average out.

Table 6.1 summarizes the measured performance of the receiver path
in comparison with reported mm-wave RF-path phase shifting receivers.
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Table 6.1: Benchmark of mm-wave RF-path phase shifting receivers

Spec. [59] [57] [28] [66]1 This work
Frequency
(GHz)

77 60 60 60 61

Phase
shifting @

RF RF RF RF RF

Number of
paths

1 1 4 16 2

Key build-
ing blocks

LNA,
phase
shifter

phase
shifter

LNA,
phase
shifter,
combiner

LNA,
phase
shifter,
combiner,
mixer,
frequency
synthe-
sizer,
etc.

LNA,
phase
shifter,
combiner

Power
Gain of
each path
(dB)

≤ 17 -2 ≥ 8 72 (max
@base-
band)

12 (aver-
age)

Phase shift
step (o)

Analog
(+DAC)

Analog
(+DAC)

Analog Digital, 11 Digital,
22.5

NF of each
path (dB)

4 (LNA
only)

17 ≤ 6.9 7.4 ≤ 7.2

Input
P1dB of
each path
(dBm)

- -7 -33.5 -16 (@min
gain)

-16

Power
consump-
tion (mW)

128 (1
path)

32 (1 path) 265 (4
paths)

1800 (16
paths)

156 (2
paths)

Technology 0.13µm
SiGe
Bi-CMOS

0.13µm
SiGe
Bi-CMOS

0.12µm
SiGe
Bi-CMOS

0.12µm
SiGe
Bi-CMOS

65nm
CMOS

Chip area
(mm2)

0.46 1.48 4.6 38 1.6

1 Published later than this work [58].
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6.5 Conclusion
This chapter presents the design of a 60GHz 4-bit active phase shifter and
its integration with an LNA for phased array receivers. The operation of
the active phase shifter is based on programmable weighted combinations
of I/Q paths with digitally controlled variable gain amplifiers. The 60GHz
4-bit active phase shifter can be extended to operate in other mm-wave
frequencies and/or achieve a different phase-shift step size.

With the use of the 4-bit active phase shifter, a 60GHz two-path re-
ceiver has been implemented. Each receiver path consists of an LNA, a
phase shifter and part of a combiner. Expansion of two paths to more
antenna paths is straightforward. Measurement results show that each re-
ceiver path achieves 7.2dB noise figure, a phase control range of 360o in
steps of approximately 22.5o, an average insertion gain of 12dB at 61GHz,
a 3dB-bandwidth of 5.5GHz and a power dissipation of 78mW. The 2-
path beam patterns constructed from measured results are very close to the
ideal patterns thanks to the low RMS gain and phase errors in the 16 phase
settings.
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7

A 60GHz Active Phase Shifter Integrated with
PA

Power amplifiers (PA) are typically the most power hungry building blocks
in RF transmitters. Achieving high output power and high efficiency is
challenging at 60GHz due to the low gain and low breakdown voltage of
the CMOS transistors and the loss of on-chip passive components. Thanks
to the phased-array architecture that can increase the transmitter’s effec-
tive isotropic radiated power (EIRP) through spatial power combining, the
output power of an individual power amplifier is less critical.

This chapter presents the design of a 60GHz active phase shifter inte-
grated with a PA in a 65nm CMOS technology for phased array transmit-
ters. The one-path transmitter can be extended to multiple antenna paths.

This chapter is organized as follows. The design of a 60GHz active
phase shifter for a transmitter is presented in Section 7.1. Section 7.2 dis-
cusses the design of a 60GHz power amplifier. The measurement results
of the transmitter path are presented and discussed in Section 7.3. This
chapter is published in [61].

87
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Figure 7.1: A 60GHz phased array transmitter front-end using RF-path
phase shifting.

Figure 7.2: Block diagram of an active RF phase shifter.

7.1 Design of an Active RF Phase Shifter

The phase shifter in the transmitter has a high linearity requirement, so that
it is the output stage of the power amplifier rather than the phase shifter that
saturates first, otherwise the overall efficiency of the transmitter would be
decreased.
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Figure 7.3: Schematic of a 60GHz 4-bit phase shifter in the transmitter.

Figure 7.4: Schematic of a VGA in the phase shifter of the transmitter.
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The phase shifter in the transmitter is based on programmable weighted
combinations of I/Q paths with digitally controlled VGAs (Fig. 7.2). The
schematic of the phase shifter is depicted in Fig. 7.3. Its operating principle
is similar to that in the receiver (Fig. 6.5). The RF signal (Vin+ and Vin−)
is converted into separate currents by a transconductance stage (M1-M4).
I and Q signals are generated by feeding these currents through two paths
with or without a 90o line, and weighted by the digitally controlled VGAs
separately. The required phase is generated at the combined output (Vout+
and Vout−).

As compared to the implementation in the receiver that merges the
transconductance stage and the VGAs in a common-source cascode config-
uration, the phase shifter in the transmitter cascades the transconductance
stage and the VGAs in two separate stages, in order to achieve a larger
voltage swing and higher output P1dB. Furthermore, there is inductive de-
generation at the source of the input transconductance stage in order to
provide input impedance matching (100Ω differentially) for measurement
purposes.

The VGAs that are used in the phase shifter are shown in Fig. 7.4.
They are similar to those in the receiver (Fig. 6.6) that program the gain by
switching on or off a certain number of unit transistors. The only difference
between the VGAs in the receiver and in the transmitter lies in the DC bias
voltage at the gate of the transistors in order to work properly: in Fig. 7.4
the gate bias of each transistor is either Vb (DC bias voltage, which is 0.7V)
or 0, instead of being either Vdd or 0 in Fig. 6.6.

In simulation, the active RF phase shifter (Fig. 7.3) in the transmitter
achieves an average insertion gain of -6dB, an output P1dB of -2dBm at
60GHz and a power consumption of 25mA from a 1.2V supply. It features
a higher output P1dB than that in the receiver. In this way, the power ampli-
fier instead of the phase shifter limits the linearity of the transmitter. The
insertion gain of the phase shifter is lower than that in the receiver, mainly
because of its inductive source degeneration that achieves input matching
for measurement purposes.
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(a) (b)

Figure 7.5: (a) A common-source amplifier with Miller capacitance and (b)
compensating the Miller capacitance using cross-connected neutralization
capacitors Cc.

Figure 7.6: Schematic of a 60GHz 3-stage power amplifier.

7.2 Design of a Power Amplifier

Thanks to the phased array system that can increase the effective isotropic
radiated power (EIRP) of a transmitter by spatial power combining, the
output power of an individual power amplifier is less critical. On the other
hand, if each individual power amplifier has a very low output power, a
large number of antennas are required in order to achieve the desire EIRP.
As a trade-off, the output power of each individual power amplifier is de-
signed to be around +10dBm, as discussed in Section 3.1.
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A power amplifier is often designed using a common-source or common-
source cascode configuration. In a common-source configuration (Fig.
7.5a), the Miller capacitance (Cgd) reduces the gain, reverse isolation and
stability. As a result, the common-source topology is conditionally sta-
ble, which is prone to instability because of the limited accuracy in the
transistor model and in the matching network at this high frequency. A
common-source cascode structure improves the devices stability but has
the disadvantage of reduced voltage headroom and drain efficiency.

In this work, the Miller capacitance of a common-source configuration
is compensated using neutralization capacitors (Cc) cross-connected be-
tween the drains and gates of the pseudo-differential transistors (Fig. 7.5b).
As compared to a common-source cascode configuration, this common-
source configuration provides a large output swing. The neutralization
capacitors in this work use MOS transistors with the gate as one capac-
itor terminal and the drain and source connected together as the other
capacitor terminal. By properly sizing the MOS transistors, these MOS-
transistor based neutralization capacitors match the Miller capacitors of the
common-source amplifiers and are less sensitive to the variations in PVT.
In this way, the Miller effect is compensated and stability is ensured. This
is an advantage compared to neutralization by the use of fixed parallel-plate
metal capacitors as in [67].

Fig. 7.6 shows the schematic of a 60GHz three-stage power ampli-
fier. The output of the power amplifier connects to 100Ω differential an-
tennas [64], and the output matching network of the power amplifier is de-
signed through a large-signal load-pull simulation to achieve a large output
power and high power efficiency. The inductors at the drains and gates of
the transistors connect to the supply voltage (Vdd) and bias voltage Vb re-
spectively. These inductors, together with the series fringe capacitors and
the shunt transmission line (300µm at the output), form the input, output
and inter-stage matching networks. The total gate width of the transistors
in each stage of the power amplifier doubles progressively, which ensures
that the output stage saturates first if each stage has at least 3dB power
gain. To achieve an optimal power gain performance, the gate finger width
of the MOS transistors is chosen to be 1µm with gate contacts at both sides
and the DC current density is approximately 0.2mA per µm-gate-width. In
simulation, the power amplifier achieves an insertion gain of 15dB and a
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Figure 7.7: Chip photo of a 60GHz transmitter path that consists of a phase
shifter and a PA.

maximum output power (Pmax) of +11dBm at 60GHz.

7.3 Measurement Results

Consisting of a 4-bit active RF phase shifter and a power amplifier, a
60GHz transmitter path is implemented in a 65nm CMOS technology (Fig.
7.1). Expansion of one path to multiple antenna paths can be straightfor-
ward: the RF signal from a shared frequency up-converter is split, phase
shifted, amplified and fed into the multiple antennas. Fig. 7.7 shows the
chip photo. The chip area is 1.3mm*1.3mm and the active area is only
0.8mm*0.4mm. The transmitter path draws 140mA from a 1.2V supply, in
which the phase shifter and PA draws 25mA and 115mA respectively.
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Figure 7.8: Measured insertion phase of one transmitter path for 16 phase
settings.

The measured insertion phase [phase(S21)] of one transmitter path for
16 digitally controlled phase settings is depicted in Fig. 7.8. It achieves a
phase step of approximately 22.5o and a phase control range of 360o in the
60GHz band.

Fig. 7.9 shows the measured insertion gain [dB(S21)], input and output
reflection coefficients [dB(S11) and dB(S22)] of one transmitter path for
16 phase settings. It has an average insertion gain of 7.7dB at 62GHz and
a 3dB-bandwidth of 6.5GHz, which matches the simulated S21 of phase
state 0000. This insertion gain is contributed separately by the phase shifter
that has a simulated insertion gain of -6dB, and the power amplifier that has
a simulated gain of 15dB. The measured S11 and S22 are all better than
-8dB at 62GHz; they are determined by the input matching of the phase
shifter and the output matching of the power amplifier respectively and do
not change for different phase settings. Besides, the measured reversed
isolation (S12) of the transmitter path is -44dB.

Based on the measured insertion gain and phase shifts, the RMS gain
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Figure 7.9: Measured insertion gain, input and output matching of one
transmitter path for 16 phase settings.

and phase errors of one transmitter path are plotted in Fig. 7.10. They
are 1.2dB and 9.2o at 62GHz respectively, as compared to an ideal 4-bit
phase shifter with a uniform gain. The phase accuracy meets the 4-bit
requirement.

Fig. 7.11 presents the measured non-linearity of one transmitter path
and compares it to the simulated result. The measured output P1dB is
+4dBm at 62GHz. The measured maximum output power (Pmax) of one
transmitter path is observed to be higher than +8.3dBm (limited by the test
equipment) with a corresponding power-added efficiency (PAE) of 2.4%.
Considering that the phase shifter has a simulated loss of 6dB and con-
sumes 30mW, the power amplifier has a corresponding gain of approxi-
mately 10dB and a PAE of 4.4% when transmitting the maximum output
power. The power gain, output power and efficiency of the power ampli-
fier can be further improved using a transformer coupled input, interstage
and output matching network [40, 67], as the insertion loss of the match-
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Figure 7.10: Measured RMS gain and phase errors of the 16 phase states
as compared to an ideal 4-bit phase shifter

Figure 7.11: Measured power gain and output power of one transmitter
path at 62GHz versus the RF input power.
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ing network can be reduced without the use of lossy passive components
including spiral inductors, fringe capacitors and long interstage intercon-
nects.

Table 7.1 summarizes the measured performance of the transmitter path
in comparison with published mm-wave phased-array transmitters. Al-
though the comparison is not totally fair in the sense that we describe a
single path, it is still useful.
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Table 7.1: Benchmark of mm-wave phased array transmitters

Spec. [21] [30] [31] [23] This work
Frequency
(GHz)

77 42.5 60 60 62

Phase
shifting @

LO RF RF LO RF

Number of
paths

4 16 16 4 1

Key build-
ing blocks

PA, mixer,
VCO,
phase
shifter,
frequency
divider,
etc.

PA, phase
shifter,
signal
divider,
etc.

PA, phase
shifter,
mixer, RF
power dis-
tribution,
frequency
synthe-
sizer,
etc.

PA, mixer,
phase
shifter, LO
tripler, etc.

PA, phase
shifter

Power
Gain of
each path
(dB)

40.6
(@base-
band)

12.5 35 (max
@base-
band)

20
(@base-
band)

7.7 (aver-
age)

Max.
output
power of
each path
(dBm)

+12.5 -2.5 +9
(Pout1dB)

+11 ≥+8.3

Phase shift
step (o)

Analog Digital,
22.5

Digital,
11.25

Analog Digital,
22.5

Supply
voltage
(V)

2.5&1.5 5&3.3 2.6 1 1.2

Power
consump-
tion (mW)

1828 (4
paths)

3600 (16
paths)

3800 (16
paths)

590 (4
paths)

168 (1
path)

Technology 0.12µm
SiGe
Bi-CMOS

0.18µm
SiGe
Bi-CMOS

0.12µm
SiGe
Bi-CMOS

65nm
CMOS

65nm
CMOS

Chip area
(mm2)

17 8.3 43.9 4.1 1.7
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7.4 Conclusion
In this chapter, we have presented a 60GHz 4-bit active phase shifter in-
tegrated with a power amplifier (PA) for phased array transmitters. The
RF phase shifter in the transmitter has high linearity requirement, so that
it is the output stage of the power amplifier rather than the phase shifter
that saturates first. The one-path transmitter can be extended to multiple
antenna paths.

Consisting of an active RF phase shifter and a PA, one transmit path
achieves 360o phase shift range in approximately 22.5o steps, a maximum
output power of higher than +8.3dBm and an average insertion gain of
7.7dB at 62GHz, a 3dB-bandwidth of 6.5GHz and a power dissipation of
165mW in the measurement.

This transmitter path, together with the receiver path presented in the
previous chapter, have demonstrated that RF phase shifting is an appealing
technique for 60GHz phased arrays: it achieves sufficient phase-shift res-
olution (22.5o), large phase range (360o), full integration in CMOS, low
supply voltage, low power consumption, consumes small chip area, and
possesses further scalability towards larger phased arrays without modifi-
cation of the existing frequency converter and LO distribution network. In
the next chapter, we will investigate the integration of a 60GHz IC and an
antenna in a printed circuit-board (PCB) technology.
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8

Flip-Chip Integration

As presented in the previous chapters, advances in silicon technology allow
the realization of low-cost RF front-ends at 60GHz. However, to utilize the
potential of this frequency band, low-cost transceiver designs are needed in
which antennas, RF frontend and baseband processing are fully integrated.

In this chapter, the integration of a 60GHz amplifier and an antenna
in a printed circuit-board (PCB) technology is investigated, as shown in
Fig. 8.11. Both the amplifier and the antenna have a differential design to
provide a reliable interconnect that is low-loss. The amplifier is realized
in a 65nm CMOS technology and achieves a gain of approximately 5dB
and a 3dB gain bandwidth that ranges from 54 to 66GHz2. The antenna is
a balanced-fed aperture-coupled patch (BFACP) antenna that is optimized
for bandwidth and radiation efficiency [68]. The realized bandwidth is
10-15% and the accompanying radiation efficiency is larger than 75%.

This chapter is organized as follows. Section 8.1 discusses the mate-
rials that are used for the realization of the PCB package. The implemen-

1The design of the antenna and the PCB are mainly contributed by J.A.G. Akkermans
and M.I. Kazim.

2This amplifier was implemented earlier than and different from those amplifiers pre-
sented in Chapter 6 and 7.
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Figure 8.1: The integration of an amplifier and an antenna.

tation of flip-chip interconnection between the amplifier and the PCB is
presented in Section 8.2. The measurement results of the flip-chip integra-
tion are presented and discussed in Section 8.3. This chapter is published
in [64].

8.1 Package Materials
The integration of an amplifier and an antenna has to be realized in a single
PCB package. For this purpose, the BFACP antenna is very well suited. In
the prototypes of the BFACP antennas, the dielectric layers have been real-
ized from teflon-based materials (NY9217, εr = 2.17). The low dielectric
constant of this material and the inherent surface-wave suppression of the
antenna element provides a high radiation efficiency.

Although teflon-based materials have good RF performance, they can-
not be employed to create a complete package. The disadvantages of
teflon-based materials are that they are not very rigid and that they have
a large thermal expansion coefficient. Therefore, this material cannot be
used for the realization of a rigid package, and the implementation of vias
can be difficult because of the relatively large thermal expansion. An im-
proved PCB stack that can function as a package is shown in Fig. 8.2.
The upper layer of this package is realized from teflon-based material
to ensure good RF performance. The lower layers are realized from a
glass-reinforced hydrocarbon/ceramic material (Ro4350B). This material
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Figure 8.2: Schematic layout of PCB package with an amplifier and an
antenna.

is much more rigid compared to teflon-based materials and has low dissi-
pative losses as well. The dielectric constant of this material is specified
to be 3.66 at 10GHz. The lowest dielectric layer of the package is used
to provide the package with its mechanical rigidity. The middle layer is
a thin layer that is used to create a well-defined RF feed. This layer also
allows the realization of vias, such that the routing of control signals can
be simplified. The dielectric layers are laminated together with adhesive
layers in between that are tailored for adhesion with these materials.

8.2 Package Prototype
A prototype has been built, which embeds a 60GHz amplifier and a BFACP
antenna into one package. A schematic layout of the package is shown in
Fig. 8.2. The frequency band of the optimized antenna ranges from 56
to 65GHz and the simulated radiation efficiency in this band is larger than
75 % (see Fig. 8.3). The amplifier, which is different from that presented
in Chapter 6 and 7, is realized in a 65nm CMOS technology and is ini-
tially characterized with RF probes that connect directly to the chip. The
measured maximum gain of the amplifier is about 5dB and the 3dB gain
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Figure 8.3: Simulated reflection coefficient (solid) and radiation efficiency
(dashed) of the optimised antenna.

bandwidth ranges from 54 to 66GHz.

8.2.1 Flip-chip Interconnect
To integrate the amplifier with the antenna, a reliable interconnection needs
to be realized. Traditionally, the interconnection between an amplifier and
a PCB is realized through wire-bonding, but the performance of this type
of interconnect decreases rapidly for higher frequencies, because of the
large wire inductance (1nH/mm) that is associated with the wire-bonding.
Alternatively, flip-chip technologies can be employed to provide a better
interconnection, since flip-chip interconnections have lower and more pre-
dictable parasitic inductances [69]. In flip-chip technology, the metallic
pads on the amplifier are connected to a corresponding set of pads on the
PCB using an array of balls or bumps. These balls or bumps can be realized
from solder or metal like gold and copper [70]. In this demonstrator, gold
stud bumps have been used in combination with an anisotropic conductive
adhesive. First, the gold bumps are placed on the pads of the amplifier.
Second, the amplifier is flipped and pushed onto the PCB. In between the
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Figure 8.4: Microscopic photograph of the cross-section of a flip-chip in-
terconnection.

amplifier and the PCB, an adhesive is placed that contains silver particles.
Because of the applied pressure, these particles form a conducting path in
between the stud bumps and the PCB pads. A microscopic photograph of
the cross-section of such a flip-chip interconnection is shown in Fig. 8.4.

8.2.2 Chip Mount

The layout of the chip mount is shown in Fig. 8.5. This chip mount has
been designed such that the pads on the PCB correspond with the pads of
the amplifier. The input signal of the amplifier can be provided through the
ground-signal-signal-ground (GSSG) connection on the PCB. Vias have
been used to connect all the grounds to a large metal plane underneath
the chip mount. The DC supply and bias voltages can be applied to the
amplifier from the PCB as well. RF stubs have been employed to suppress
the RF signals on the DC supplies. The output of the amplifier connects
directly to the differential feed of the antenna.



106 CHAPTER 8. FLIP-CHIP INTEGRATION

Figure 8.5: Layout of amplifier chip mount.
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Figure 8.6: Layout of package. (a) Top view. (b) Explored view.

8.2.3 Package

The complete package is depicted in Fig. 8.6. Here, the layout of each
layer can be easily identified. The width and length of the package is 18×
28mm, whereas the total thickness is 0.82mm. The coplanar microstrip
feed connecting the amplifier and the antenna is constructed such that it
has a ground plane underneath it near the amplifier and above it near the
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Figure 8.7: Photograph of integrated amplifier and BFACP antenna.

antenna. In this way, the characteristic impedance of the differential feed
is close to 100Ω everywhere.

8.3 Measurement Results

To characterize the performance of the packaged amplifier and antenna
(Fig. 8.7), the performance of the antenna is evaluated first. Since the
antenna has a differential feed, GSSG RF probes have been used in com-
bination with an external balun to provide the balanced input signal. The
RF probe has been calibrated with a one-port load-reflect-match (LRM)
calibration. The measured and simulated reflection coefficients are shown
in Fig. 8.8. It is observed that the impedance matching of the antenna is
below -10dB in the frequency range from 57.7 to 65.0GHz. This corre-
sponds well with the gain bandwidth of the amplifier that ranges from 54
to 66GHz.

The performance of the packaged amplifier and antenna has been in-
vestigated as well. The operation of this package has been tested on a
probe station first (see Fig. 8.9). A GSSG RF probe has been used to con-
nect the RF input signal to the amplifier. The DC supply and bias voltages
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Figure 8.8: Reflection coefficient of the packaged BFACP antenna. Mea-
surement (solid), simulation [Spark] (dashed).

Figure 8.9: Measurement setup of antenna package on probe station.
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Figure 8.10: Measured maximum gain of the packaged BFACP antenna
with amplifier (dashed) and without amplifier (solid).

have been applied with DC probes. We compared the gain of the combined
amplifier and antenna with the gain of the antenna alone (i.e., without am-
plifier). To characterize the radiation pattern of the combined amplifier and
antenna, wires have been soldered to the DC bias and supply connections
of the package, and the radiation patterns are measured on the far-field
radiation pattern measurement setup.

The gain of the antenna alone and the amplifier-antenna combination
is compared in Fig. 8.10. It is observed that the gain of the amplifier is
0-4dB lower than the gain of the antenna alone in the operating range of
the antenna (57.7 - 65.0GHz). This implies that the insertion losses due to
the input and output flip-chip interconnection are equal or larger than the
gain of the packaged amplifier (5dB). The causes for these losses are:

© Resistive loss. The flip-chip interconnection has been realized with
gold stud-bumps in combination with an anisotropic conductive ad-
hesive (see Fig. 8.4). This interconnect introduces some dissipative
losses due to the finite conductivity of the transition.
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Figure 8.11: Measured normalized radiation pattern of packaged antenna
and amplifier. E-plane, frequency f = 60GHz. Measurements of antenna
pattern with and without amplifier (solid), simulated radiation pattern [CST
Microwave Studio] (dashed).

© Impedance mismatch. Both the amplifier and the antenna have been
designed for an input and output impedance of 100Ω; the presence
of the flip-chip interconnect distorts the matching between the RF
probe and the input of the amplifier, as well as the matching between
the output of the amplifier and the input of the antenna.

© Amplifier de-tuning. The amplifier has been characterized with on-
wafer tests. The input and output of the amplifier are de-tuned in
frequency when it is flip-chipped onto the PCB.

These losses can be analyzed by fully characterizing the flip-chip in-
terconnection using on-chip short-open-load-thru (SOLT) test structures in
future research. When the model of the flip-chip interconnection is in-
cluded in the co-design of amplifier and antenna, the insertion loss due to
impedance mismatch and amplifier de-tuning can be minimized. The re-
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sistive loss can be reduced e.g. by improving the anisotropic conductive
adhesive.

The normalized radiation patterns are compared in Fig. 8.11. It is
observed that both measured radiation patterns are very similar. This in-
dicates that the power is radiated by the antenna alone and no significant
amount of power is radiated by the RF probe, the amplifier or the flip-
chip transitions. Moreover, it is observed from Fig. 8.11 that the radiated
patterns are in good agreement with simulated results.

8.4 Conclusion
The integration of a 60GHz amplifier and an antenna in a PCB technology
has been investigated. The implementation of flip-chip integration and the
measurement results are presented and discussed in detail. It has been
shown that the antenna can be integrated with an amplifier, although the
gain of the amplifier-antenna combination is lower then expected. Possible
causes for this gain reduction have been discussed and can be improved in
future research.
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Conclusions and Recommendations

9.1 Conclusions

Here are the conclusions of the thesis:

© It is feasible to implement an low-cost high data-rate 60GHz wire-
less system using phased array techniques in a CMOS technology.
The RF phase shifting architecture shows low cost and low power.
The passive and active RF phase shifters, and the integration with
other other key building blocks (i.e. LNA and PA), achieve high
performance.

© The loaded-line based passive phase shifter achieves linear phase
shifts over a large frequency range and functions as a true time-delay
compensation; in contrast, the vector-modulator based active phase
shifter shows relatively constant phase shifts over frequencies.

© The step-size requirement (e.g. 22.5o) of a phase shifter has been
derived from the phased-array system specifications of e.g. constel-
lation spreading, beam direction and interference suppression.
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© The 60GHz 4-bit passive phase shifter shows high operating fre-
quency (60GHz), small phase-shift step (22.5o) and low insertion
loss.

© The 60GHz 4-bit active phase shifter shows low insertion loss (or
even gain) and low variation in loss, as compared to passive phase
shifters. In this way, it is not required to implement an low-noise
amplifier (LNA) or power amplifier (PA) with very high gain, pro-
grammable gain settings and large power dissipation in order to com-
pensate the loss and loss variations.

© The integration of the 60GHz active phase shifter with other key
building blocks (i.e. LNA and PA) has demonstrated that RF phase
shifting is an appealing technique for 60GHz phased arrays: it achieves
sufficient phase resolution (4-bit), large phase range (360o), full in-
tegration in CMOS, low supply voltage, low power consumption,
consumes small chip area, and possesses further scalability towards
larger phased arrays without modification of the existing frequency
converter and LO distribution network.

© A 60GHz CMOS amplifier and an antenna have been integrated in a
printed circuit-board (PCB) package. It demonstrates that a 60GHz
amplifier can be integrated with an antenna with good performance.

9.2 Recommendations for Future Research
In future, these research topics can be interesting:

© Investigate phased array techniques at higher operating frequencies
(100GHz and beyond). At these higher frequencies, the performance
(e.g. noise figure, gain and output power) of a transceiver will be
even worse. Thanks to the smaller antenna sizes, phased array tech-
niques will significantly contribute to a sufficient link budget for a
wireless system.

© Investigate phased arrays techniques for a larger number of antennas
and also for interference nulling. These will increase the perfor-



9.2. RECOMMENDATIONS FOR FUTURE RESEARCH 115

mance (e.g. antenna gain and directionality) of the wireless system,
but often require a higher phase-shift accuracy.

© Besides one-dimension antenna arrays, investigate two- or three-
dimensional antenna arrays and their requirements upon phase shifters.
These will achieve beamforming and beam steering in full space.

© Integrate an antenna array with a phased array transceiver e.g. in a
printed circuit-board (PCB) package. This requires a full character-
ization of the flip-chip interconnection, as well as the mismatch and
coupling between different antenna paths.
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List of Symbols and Abbreviations

ACC Autonomous Cruise Control
ADC Analog-to-digital Converter
BFACP Balanced-fed Aperture-coupled Patch
BW Bandwidth
CMOS Complementary Metaloxidesemiconductor
DAC Digital-to-Analog Converter
DSP Digital Signal Processing
EIRP Effective Isotropic Radiated Power
EM Electromagnetic
EVM Error Vector Magnitude
FCC Federal Communications Commission
FDMA Frequency Domain Multiple Access
FM Frequency Modulated
FSK Frequency-shift Keying
GPRS General Packet Radio Service
GSGSG Ground-signal-ground-signal-ground
GSM Global System for Mobile Communications
GSSG Ground-signal-signal-ground
HDTV High Definition Television
IC Integrated Circuit
IF Intermediate Frequency
IR Infrared Radiation
ISM Industrial, Scientific and Medical
LAN Local Area Network
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LMDS Local Multipoint Distribution Service
LNA Low Noise Amplifier
LTE Long Term Evolution
LO Local Oscillator
LOS Line-of-sight
LRM Load-reflect-match
MAN Metropolitan Area Network
MOSFET Metaloxidesemiconductor Field-effect Transistor
MIMO Multiple-input and Multiple-output
NLOS Non-line-of-signt
NF Noise Figure
OFDM Orthogonal frequency-division multiplexing
P1dB 1dB Compression Point
PA Power Amplifier
PAE Power-added Efficiency
PAN Personal Area Network
PC Personal Computer
PCB Printed Circuit Board
PLL Phase-locked Loop
Pmax Maximum Power
PVT Process, Voltage and Temperature
QPSK Quadrature Phase Shift Keying
RF Radio Frequency
RMS Root Mean Square
SIP System in Package
SISO Single-input and single-output
SNR Signal-to-noise Ratio
SOLT Short-open-load-through
SPDT Single Pole Double Throw
TDMA Time Domain Multiple Access
UMTS Universal Mobile Telecommunications System
UWB Ultra-wideband
VCO Voltage Controlled Oscillator
VGA Variable-gain Amplifier
WAN Wide Area Network
WCDMA Wideband Code Division Multiple Access
WPAN Wireless Personal Area Network
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Summary

The 60GHz band is promising for applications such as high-speed short-
range wireless personal area network (WPAN), real time video streaming
at rates of several Gbps, automotive radar, and mm-Wave imaging, since
it provides a large amount of bandwidth that can freely (i.e. without a
license) be used worldwide. However, transceivers at 60GHz pose sev-
eral additional challenges over microwave transceivers. In addition to the
circuit design challenges of implementing high performance 60GHz RF
circuits in mainstream CMOS technology, the path loss at 60GHz is sig-
nificantly higher than at microwave frequencies because of the smaller size
of isotropic antennas. This can be overcome by using phased array tech-
nology. This thesis studies the new concepts and design techniques that
can be used for 60GHz phased array systems.

It starts with an overview of various applications at mm-wave frequen-
cies, such as multi-Gpbs radio at 60GHz, automotive radar and millimeter-
wave imaging. System considerations of mm-wave receivers and trans-
mitters are discussed, followed by the selection of a CMOS technology to
implement millimeter-wave (60GHz) systems.

The link budget of a 60GHz WPAN is analyzed, which leads to the
introduction of phased array techniques to improve system performance.
Different phased array architectures are studied and compared. The system
requirements of phase shifters are discussed. Several types of conventional
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RF phase shifters are reviewed.
A 60GHz 4-bit passive phase shifter is designed and implemented in

a 65nm CMOS technology. Measurement results are presented and com-
pared to published prior art.

A 60GHz 4-bit active phase shifter is designed and integrated with a
low-noise amplifier (LNA) and combiner for a phased array receiver. This
is implemented in a 65nm CMOS technology and the measurement results
are presented.

The design of a 60GHz 4-bit active phase shifter and its integration
with a power amplifier (PA) is also presented for a phased array transmit-
ter. This is implemented in a 65nm CMOS technology. The measurement
results are also presented and compared to reported prior art.

The integration of a 60GHz CMOS amplifier and an antenna in a printed
circuit-board (PCB) package is investigated. Experimental results are pre-
sented and discussed.



Samenvatting

De 60GHz-band is een veelbelovend frequentiegebied voor applicaties zoals
high-speed shortrange wireless personal area networks (WPAN), real time
video streaming met data-rates van enkele Gbps, automotive radar en mm-
golf imaging, omdat een grote bandbreedte beschikbaar is die bovendien
wereldwijd licentievrij gebruikt kan worden. Transceivers voor 60GHz
brengen echter een aantal extra uitdagingen met zich mee ten opzichte
van microgolf transceivers. Naast de uitdaging van het implementeren
van goed presterende 60GHz RF circuits in standaard CMOS technologie,
is bovendien het signaalverlies op 60GHz significant hoger ten opzichte
van microgolf frequenties vanwege de kleinere afmetingen van isotropis-
che antennes. Dit probleem kan opgelost worden door gebruik te maken
van phased array technologie. Deze thesis bestudeert nieuwe concepten en
ontwerptechnieken die gebruikt kunnen worden voor 60GHz phased array
systemen.

Eerst wordt een overzicht van diverse applicaties voor mm-golf fre-
quenties gegeven, zoals multi-Gpbs radio op 60GHz, automotive radar en
mm-golf imaging. Systeemaspecten van mm-golf ontvangers en zenders
worden besproken, gevolgd door de selectie van een CMOS technologie
voor de implementatie van mm-golf (60GHz) systemen.

Het link budget van een 60GHz WPAN wordt geanalyseerd, wat leidt
tot de introductie van phased array technieken om de systeemprestaties te
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132 Samenvatting

verbeteren. Verschillende phased array architecturen worden bestudeerd
en vergeleken. De systeemeisen van de phase shifters worden besproken,
en verschillende conventionele RF phase shifters worden bekeken.

Een 60GHz 4-bit passive phase shifter is ontworpen en geimplementeerd
in een 65nm CMOS technologie. Meetresultaten worden gepresenteerd en
vergeleken met eerder gepubliceerd werk.

Een 60GHz 4-bit active phase shifter is ontworpen en geintegreerd met
een low-noise amplifier (LNA) en combiner voor een phased array ont-
vanger. Dit geheel is geimplementeerd in een 65nm CMOS technologie,
en de meetresultaten worden gepresenteerd.

Het ontwerp van een 60GHz 4-bit active phase shifter wordt ook gep-
resenteerd, alsmede de integratie met een power amplifier (PA) voor een
phased array zender. Dit geheel is geimplementeerd in een 65nm CMOS
technologie. Ook hiervan worden meetresultaten gepresenteerd en vergeleken
met eerder gepubliceerd werk.

De integratie van een 60GHz CMOS versterker en een antenne op een
PCB wordt onderzocht. Experimentele resultaten worden gepresenteerd en
besproken.
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