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Summary

Antennas for silicon-based mm-wave FMCW

radars

Antenna integration and MIMO system design

Radar sensors are becoming an integral part in many short- to medium-range ap-

plications, such as automatic door-openers, smart-lighting, level-gauging, distance-

measurement systems, driver assistance systems, truck safety, and driverless (au-

tonomous) cars. In general, many of these consumer-market applications require radar

sensors that are low cost, low in power consumption, highly reliable, and small in fea-

ture size. However, depending on the application some requirements can be relaxed.

For example, sensors that are used in safety-critical applications should have high re-

liability at higher costs. On the other hand, sensors that are used ubiquitously in less

safety-critical environments should be low-cost, with relaxed performance.

Nowadays, advancement in silicon-based BiCMOS integration technology allows

for low-cost design of highly integrated single-chip radars with small feature size at

millimeter-waves (mm-waves). Since the antenna size at mm-waves is small, it can be

integrated on-chip with the front-end circuit, which is cheaper than off-chip integration

technology. However, on-chip integrated antennas have very low radiation efficiency

because of Ohmic losses in the silicon substrate and surface-wave and substrate guide-

mode losses in the packaging environment. On the other hand, off-chip antennas on a

PCB or other planar technologies incur increased integration cost and a transition from

on-chip circuits to off-chip antennas that causes an impedance mismatch with result-

ing power loss. Furthermore, because of its reduced design complexity, many low-cost

short- to medium-range radars use the frequency-modulated-continuous-wave (FMCW)

xi



xii Summary

technique that requires high isolation between transmitting and receiving antennas to

avoid receiver saturation and reduce performance degradation.

For some applications that require sensors with electronic scanning capability, for

example for parking assistance, multiple input multiple output (MIMO) radar is an

attractive low-cost alternative to phased array radars. This is because MIMO system

allows much larger spacing between antennas than traditional half-wavelength spacing

for phased arrays. For the same number of antenna elements, MIMO radar can provide

a larger aperture than phased arrays, which is beneficial for angular resolution and

target localization.

In this thesis, on-chip antennas and PCB antennas have designed and integrated with

a mm-wave single-chip FMCW radar designed in BiCMOS technology, and a MIMO

radar based on on-chip integrated antennas is designed. For each case, the thesis ad-

dresses the following challenges:

• On-chip antenna integration for a complete mm-wave single-chip FMCW radar

is investigated. To achieve high antenna efficiency and high isolation between

transmitting and receiving antennas, a cavity-backed on-chip monopole antenna

is designed and its packaging environment is optimized for reduction of surface-

waves. The optimization process includes package-interconnect design, thicknesses

of substrates and epoxy, which is a protection layer for a chip against mechanical

damages and environmental hazards. Experimental verification on three on-chip

integrated antennas with the single-chip radar has been performed, and 2 dBi

gain, low surface-wave losses, and 25 dB of isolation between the transmitting

and receiving antennas has been achieved.

• An antenna array on a PCB is integrated with the front-end circuit of the single-

chip mm-wave FMCW radar by using a low-cost bond-wire interconnection tech-

nology as transition. Electromagnetic bandgap structures (EBGs) are used to

achieve a high isolation between the transmitting and receiving arrays. The EBG

is also used to suppress surface waves. The high impedance mismatch of the

bond-wire transition is compensated by using a series transmission-line section.

Experimental results demonstrate that an eight element, series-fed PCB antenna

array provides 12 dBi gain, a 40 dB isolation between transmitting and receiving

arrays, and a -10 dB impedance match for the bond-wire transition for frequencies

from 57 to 64 GHz, which is the operational bandwidth of the radar.

• A MIMO radar based on the mm-wave single-chip FCMW radar with three on-

chip integrated antennas is designed. To improve spatial resolution and address

limitations imposed by the dimensions of the single-chip radar, an optimal non-

regular sparse-array configuration is employed. The synchronization between the
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chips is controlled by a 50 MHz reference frequency generated outside the chips

by means of crystal oscillators. This low reference frequency provides a better

synchronization for coherent beam steering and phase-noise reduction compared

to a direct 60 GHz shared reference.
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Chapter one

Introduction

1.1 General background

Since the Second World War, radar has been extensively used in military settings for

various applications such as warning systems, enemy target surveillance, target tracking,

and guidance of weapons [1, 2]. After the war, the radar technology used in military

applications was gradually adopted in civil applications. The early civil applications

concerned air-traffic control, weather prediction, and traffic-speed monitoring. The

main radar technologies for the early radars were based on vacuum tubes [1]. These

technologies are still used in defense applications because of their high power-generating

capability for long-range applications. However, vacuum tubes are expensive and bulky,

hence cannot be scaled to consumer electronics. For these reasons, even though radar

had a huge potential for consumer-market applications, it took more time to adopt

radar in consumer electronics.

A significant breakthrough in cost and size reduction came in the early 2000s, owing

to the adaptation of silicon-based technologies (CMOS and BiCMOS) for radio fre-

quency (RF) circuit designs [3]. This opened the door to highly integrated low-cost

radars for the consumer market. Furthermore, the opening of new frequency bands at

millimeter-waves (mm-waves)—the frequency band from 30 to 300 GHz is also called the

mm-waves band—for radar use has increased the interest in this technology [4]. These

frequency bands offer several advantages such as large bandwidth and integration of an-

tennas with the front-end circuit on silicon devices. This led to further reduction in size

and cost of the radar. Nowadays, a low-cost complete single-chip mm-wave frequency

1



2 1 Introduction

modulated continuous wave (FMCW) radar is available on the market [5].

Low-cost radars have huge potential in short- to medium-range applications in home,

industrial, and vehicular environments. To mention a few applications, such radars can

be used for automatic door-opening, smart-lighting for energy saving, level-gauging,

and distance-measurement. They can also be used as imaging devices for medical diag-

nostics, and for airport-security scanning [6, 7]. The mm-wave radars provide a safer

scanning technique than X-ray imaging [7, 8]. The other key application where radar

has become an integral part is the automotive industry, where it can be used for car-

park assist, automotive cruise control, and collision avoidance. It is an essential part

of autonomous-driving sensors that also include ultrasound, camera, and lidar. In the

near future, the full range of newly introduced car models will be equipped with these

sensors, which are expected to make the future of vehicular mobility safer and more

reliable [9, 10].

The increased demand for low-cost mm-wave radars has intensified research activities

on mm-wave radar concepts [3, 9–11]. One of the key research areas concerns antenna

systems for various short- to medium-range applications [5, 12, 13]. The key challenges

in antenna design are related to size reduction, achieving high and reliable performance,

integration with RF front-ends, and antenna array system design.

1.2 Antenna technologies for low-cost mm-wave FMCW
radars

1.2.1 Overview of antenna technologies

There are many possible low-cost antenna technologies for mm-wave FMCW radars

or in general for full duplex radars [5, 12–14]. A few technologies that are considered

to be low-cost are on-chip, in-package, and PCB-based antenna types, and they are

shown in Fig. 1.1. Based on these antenna concepts, phased array radar and other

types of array radar, such as multiple input multiple output (MIMO) radar, can be

realized for imaging and scanning applications. Since the antenna size at mm-waves is

in the range of millimeters, it is possible to integrate them on-chip with the front-end

electronics [5, 13, 14]. For example, a half-wavelength dipole at 60 GHz is 2.5 mm in

free space and on a silicon substrate of thickness 0.2 mm (dielectric constant εr = 11.9)

it reduces to approximately 1.0 mm. On-chip integrated antennas generally result in

lower system integration cost. Furthermore, they have the inherent advantage that they

can be directly integrated with the amplifier without the need for mm-wave chip-to-off-

chip interconnects. This will minimize interconnect losses. However, the low electric
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resistivity (typically 10 Ω·cm) and high dielectric constant (εr = 11.9) of the relatively

thick silicon substrate reduce the radiation efficiency of the antenna significantly.

Another mm-wave antenna technology that can be used for mm-wave FMCW radar

is Antenna-in-Package (AiP). AiP uses metal structures of the IC packaging technology

to create radiating structures [13, 14]. AiP-based antennas typically have relatively

high radiation efficiencies and are therefore suitable for short- to medium-range mm-

wave applications.

For medium- or long-range applications, where high antenna gain and array systems

with a fixed beam or with scanning capabilities are required, it is often better to realize

the antennas on PCB technologies [13, 15]. The PCB environment offers a large area

for implementation of structures that can improve isolation between transmitting and

receiving antennas. PCB antennas can be integrated with on-chip front-end circuits

through bond-wire interconnects, which is considered a low-cost solution compared to

other technologies such as solder-ball joints [12].

Globe-top 

Substrate 

On-chip antenna RF die 

via 
Solder pad 

(a) 

Antenna  
substrate 

via 

RF die 

Antenna 

substrate  

Solder pad 

(b) 

Packaged RF IC 

Substrate 

Antenna 

(c) 

Other ICs 

Figure 1.1. Low-cost antenna technologies for mm-wave FMCW radars, (a) on-chip
antenna, (b) in-package antenna, (c) PCB antenna.
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1.2.2 Losses in planar mm-wave antennas

Antenna on-chip, in-package, and on PCB are planar technologies that are printed

on different types of substrate materials. These planar antennas incur losses in the

form of Ohmic losses, dielectric losses, surface-waves, and substrate-guided waves. The

Ohmic and dielectric losses are dissipated in the form of heat, while surface waves and

substrate-guided waves are propagated away from the main antenna radiation direction

[16, 17]. The Ohmic losses mainly affect on-chip antennas due to low-resistivity of the

silicon substrate. Surface waves and substrate-guided modes are excited in the form of

transverse electric (TE) and transverse magnetic (TM) waves. Substrate-guided modes

can occur in ungrounded and grounded substrates, whereas surface waves occur in a

grounded substrate at the interface of dielectric and metallic media in the form of TM0

modes [16, 17]. For a finite size of the PCB substrate, these waves are scattered at

the edge and interfere with space waves of the antenna, which results in radiation-

pattern ripples. The losses in the substrate-guided modes and surface waves depend

on the dielectric constant of the substrate material and its thickness. Substrates with

high dielectric constant can support more modes and can incur higher losses. Reducing

the Ohmic, surface wave, and substrate-guided mode losses are the key challenges in

mm-wave antenna technologies [12, 18].

Space waves 

Substrate-guided 

waves 
εr 

Antenna 

(a) 

Space waves 

Substrate-guided 

waves 

        + 

Surface waves 
εr 

Antenna 

(b) 

Figure 1.2. Coupling of antenna radiated energy to space waves, substrate-guided
waves, and surface waves in printed antennas, (a) ungrounded dielectric substrate,
(b) grounded dielectric substrate.

1.3 Research motivation, objective, and thesis outline

1.3.1 Motivation

Driven by a high demand in low-cost mm-wave FMCW radars, the research activities

in its hardware and software systems have intensified in recent years. The motivation of
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this thesis is to address issues related to antenna design, integration, and radar-system

design with beam scanning and imaging capability. In general, the desired antenna

technologies should be able to provide good performance regarding radiation efficiency,

isolation, and radiation-pattern characteristics, and the resulting antennas should be

low-cost and small in size. One of the promising low-cost antenna technologies is that

of on-chip antennas. It is well known that on-chip antennas suffer from low efficiency due

to the low Ohmic resistivity of the silicon substrate [13, 19]. Further, achieving high

isolation between antennas and achieving a low-ripple radiation pattern from an on-

chip antenna integrated in a complex packaging environment is challenging. Addressing

these issues of on-chip antennas for FMCW radar is one of the focus areas of this

thesis. The second focus area of this thesis is the exploration of antenna concepts and

technologies for medium-range applications with fixed beams. One of the technologies

that is suitable for medium-range radar are printed array antennas on PCB technology.

For these antennas, achieving the desired beam characteristics, providing high isolation

between transmitting and receiving antennas for FMCW radar, and also the integration

with the front-end electronic circuit are the major challenges. In addition to fixed-beam

applications, an FMCW radar with beam scanning capability can be built from several

single-chip FMCW radars. Recent progress shows that multiple input multiple output

(MIMO) radar concepts have multiple advantages over its phased-array counter part

[20, 21]. This motivates us to investigate single-chip radars integrated with on-chip

antennas for MIMO radar applications as a third focus area of the thesis.

1.3.2 Research objectives

The objective of this thesis is to address the challenges discussed in Section 1.3.1 related

to antenna technologies for mm-wave FMCW radars, integration techniques, and MIMO

radar design. The objectives are summarized as:

• Integration of on-chip antennas for a mm-wave single-chip FMCW radar. This

includes a detailed investigation of various techniques to achieve high radiation

efficiency for on-chip antennas, and high isolation between transmitting and receiv-

ing antennas. Additionally, it includes surface-wave and guided-wave suppression

techniques to reduce radiation-pattern ripples.

• Design and integration of a high-isolation PCB array antenna for mm-wave

FMCW radars. To achieve high isolation between the transmitting and receiv-

ing antenna array and to reduce radiation-pattern ripples, the first and second

bandgaps in mushroom electromagnetic bandgap (EBG) structures are investi-

gated. The PCB array will be integrated with the front-end circuit with bond-

wire technology. To address the impedance mismatch of a bond-wire transition,
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impedance compensation techniques are investigated in detail.

• MIMO radar design using a mm-wave single-chip FMCW radar. Each chip in-

cludes one on-chip transmitting and two on-chip receiving antennas. Several

single-chip radars are arranged in such a way that the resulting MIMO system

provides high spatial resolution for imaging application, without significantly af-

fecting key performance indicators such as the sidelobe level. For improved spatial

resolution a sparse array configuration will be investigated.

1.3.3 Thesis outline

The thesis contains one introductory chapter on the theoretical concepts, three core

chapters, and conclusions and recommendations. Out of the three core chapters, two

(Chapter 3 and Chapter 4) have been published in a peer-reviewed journal and are

included in the thesis as they are in the publication. The third core chapter (Chapter 5)

is being prepared for future publication.

Chapter 2 presents the theoretical concepts known from literature. It contains gen-

eral concepts about FMCW radars, array antenna analysis, and array signal processing

for FMCW radars.

Chapter 3 addresses the integration of one transmitting and two receiving on-chip

antennas for silicon-based single-chip integrated mm-wave FMCW radars. It describes

the techniques applied to improve the on-chip antenna radiation efficiency and also

explains the design of a novel cavity-backed on-chip monopole (CBOM). It presents the

optimization of the packaging environment to achieve high isolation and small radiation-

pattern ripples. System-level experimental results from a 60 GHz single-chip FMCW

radar prototype are also included.

Chapter 4 presents the design of a high-isolation PCB antenna array for mm-wave

FMCW radar. The chapter starts with a detailed explanation of the phase-noise in-

fluence on the overall FMCW radar performance. To improve the isolation between

transmitting and receiving antennas and to reduce radiation-pattern ripples, three dif-

ferent types of EBG structures have been investigated in detail. System-level experi-

mental results from a medium-gain 60 GHz FMCW radar prototype are also included

and compared with the system-level experimental results of Chapter 3.

In Chapter 5, the design of a MIMO radar built from 13 single-chip FMCW radars in-

tegrated with on-chip antennas is presented. To maximize the spatial resolution achieved

by the radar, a sparse array MIMO concept is presented.
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1.4 Original contributions of this thesis

The work presented in this thesis contains the following original contributions:

• A comprehensive comparison of transmitter leakage reduction techniques in

FMCW radars.

• Integration of high efficiency, high isolation, compact on-chip antennas for mm-

wave FMCW radars.

• Design and realization of a medium-gain PCB array antenna for mm-wave FMCW

radars.

• Analysis and comparison of the first and second bandgaps in EBG structures,

and their application to improve the isolation between transmitting and receiving

antennas, and for reducing radiation-pattern ripples by suppressing surface-waves.

• Bond-wire transition impedance mismatch compensation technique with a series

transmission line section.

• System-level experimental verification of a complete FMCW radar with integrated

on-chip antennas and with off-chip PCB antennas.

• Design of a sparse-array MIMO radar with 39 RX/TX nodes built up from single-

chip FMCW radars with on-chip antennas.
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Chapter two

FMCW radars and array antennas

Summary

A general background on the working principles of FMCW radar and its transmitter

leakage signal influence on the radar performance is presented in this chapter. In addi-

tion, a preliminary analysis on far-field and near-field focused array concepts for radar

applications, and signal processing algorithms for direction-of-arrival (DoA) estimation

are included.

2.1 FMCW radar

As the name implies, FMCW radar is a type of radar that uses continuous waveforms

with frequency modulation. It differs from the pulsed radar in that in FMCW radar

the transmission and reception happens simultaneously, while in pulsed radar the trans-

mission and reception does not happen at the same time. The continuous transmission

allows FMCW radars to transmit high energy with low peak power over a longer period.

In pulsed radar the same amount of energy with the same average power is transmit-

ted over a short period of time with high peak power. The continuous and low peak

power transmission in FMCW radar makes them more suitable for implementation with

silicon-based semiconductor technologies [22]. The other advantage of FMCW radars

over pulsed radar is that due to its continuous reception, the radar is able to avoid blind

zones close to the radar. For these reasons, FMCW radars are preferred for the devel-

9
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opment of low-cost, low-power, highly integrated radars for short- to medium-range

commercial applications.

2.1.1 FMCW radar working principle

A simplified block diagram of an FMCW radar with separate transmitting and receiving

antennas is shown in Fig. 2.1. It consists of a voltage-controlled oscillator (VCO), a

phase-locked loop (PLL), a power amplifier (PA), a low-noise amplifier (LNA), a mixer,

an intermediate frequency (IF) filter and two antennas: one receiving and one trans-

mitting antenna. The VCO generates a voltage-controlled waveform whose frequency

increases or decreases linearly over time by ∆f over a period of ∆T . The signal is

further conditioned for phase-noise reduction by means of a PLL and amplified by the

PA for transmission through the antenna. A single period of the transmitted signal is

shown in Fig. 2.2(a). The received signal is a delayed version of the transmitted signal

with lower signal amplitude, see Fig. 2.2(b). The IF signal, at the so-called beat fre-

quency f b, is the result of mixing the transmitted signal with the received signal. The

beat frequency f b is directly related to the time delay τ of the received signal, ∆f , and

∆T . Most often, the relationship between these four parameters are drawn graphically

as shown Fig. 2.3.

Mathematically, the waveforms are analysed as follows. In order to simplify the

analysis we assume ideal waveforms without noise terms. Furthermore, we consider

only the relative amplitude between the transmitted and received waveforms. The real

amplitude decay is expressed by radar equation [1], which is not included in this thesis.

PA 

LNA 
 
 
 
 

RX antenna 

TX antenna 

Mixer IF filter ADC 

VCO + PLL 

Figure 2.1. A block diagram of a linear FMCW radar with separate transmitting and
receiving antennas.
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Figure 2.2. A single period FMCW radar signal modulated with increasing frequency,
(a) transmitted signal, (b) received signal.

∆f 
fb 

∆T 

τ 

TX RX Fr
eq

.  

Time 

Figure 2.3. Graphical representation of FMCW radar showing the relationships be-
tween the modulation bandwidth ∆f , modulation time ∆T , beat frequency f b and
time delay τ .
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The noise effects are analysed in Section 2.1.2.

An ideal transmitted FMCW radar waveform with frequency bandwidth of ∆f and

with modulation starting frequency fc is given by [22, 23]

vtx = Ac cos

ωct+

t∫
0

αt′dt′

 = Ac cos
(
ωct+

α

2
t2
)

, (2.1)

where ωc = 2πfc, Ac is the amplitude, and α = 2π∆f
∆T

. The received signal is a time-

delayed version of the transmitted signal and given by

vrx = Ac cos
(
ωc(t− τ) +

α

2
(t− τ)2

)
. (2.2)

In the mixer, the received signal is multiplied by the transmitted signal and it results

in two different frequency components:

vout = vtx · vrx

=
Ac

2

2

[
cos
(

2ωct+ αt2 − ωcτ − ατt+
α

2
τ 2
)

+ cos
(
ατt+ ωcτ −

α

2
τ 2
)] (2.3)

The first cosine-function term at twice the carrier frequency is unwanted and is filtered

out using a low-pass filter. The second cosine term oscillates at beat frequency fb
(angular frequency ωb), which is given by

f b =
ατ

2π
. (2.4)

The range R of a reflecting object is calculated from Eq. (2.4) by relating τ to the speed

of light c as

R =
c

2
· ∆T

∆f
fb. (2.5)

2.1.2 Transmitter phase noise

In Section 2.1.1, an ideal waveform without noise was used for a basic mathematical

description of FMCW radar. However, in reality the received signal in FMCW radars

is corrupted by various noise sources. The most significant noise is the phase noise

generated by the transmitter. Since FMCW radars transmit and receive simultaneously,

part of the transmitted signal leaks into the receiver and causes noise-floor degradation

and receiver saturation.
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When a single antenna is used for transmission and reception, the leakage occurs

directly from the transmitter to the receiver through the circulator port, or reflections

caused by imperfect impedance matching between antenna input and output ports [1,

22, 23]. The leakage with a single antenna is shown in Fig. 2.4(a). In an FMCW

radar with a separate transmit and receive antenna, the leakage occurs through mutual

coupling between transmitting and receiving antennas, see Fig. 2.4(b). In general, the

separate transmitting and receiving antenna configuration can reduce the phase-noise

effects because of its improved isolation between transmitting and receiving antenna,

but it cannot mitigate the effect completely.

PA 

LNA 

 Antenna 

VCO + PLL 

Mixer IF filter ADC 

 Leakage 
 Leakage 

(a) 

 Circulator 

PA 

LNA 

VCO + PLL 

Mixer IF filter ADC 

(b) 

RX antenna 

Leakage 

TX antenna 

Figure 2.4. Transmitter leakage into the receiving circuit, (a) in a single-antenna
FMCW radar system caused by reflections because of the imperfect matching between
circulator and antenna port, (b) in case of separate transmit and receive antennas,
caused by mutual coupling or limited isolation.
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To further understand the impact of transmitter phase noise in FMCW radars we

start from Equations (2.1) and (2.2) and include the phase-noise term in the equations.

To simplify the analysis, we assume single-frequency phase noise. The transmitted

waveform with single-frequency phase noise at an offset frequency of ωm with a phase-

modulation term θnoise is [23]

vtx = Ac cos
(
ωct+

α

2
t2 + θnoise sin(ωmt)

)
. (2.6)

The received signal is a delayed version of the transmitted signal and is given by

vrx = Ac cos
(
ωc(t− τ) +

α

2
(t− τ)2 + θnoise sin(ωm(t− τ))

)
. (2.7)

As indicated in Eq. (2.3), mixing of the transmitted signal with the received signal

results in sum and difference components. The sum component, which is at the second

harmonic of ωc, is filtered out. The difference component is

vout =
Ac

2

2
cos
(
φtx − φrx + θnoise sin(ωmt)− θnoise sin(ωm(t− τ))

)
, (2.8)

where φtx = ωct + α
2
t2 and φrx = ωc(t− τ) + α

2
(t− τ)2. Neglecting the phase offset

terms (= ωcτ − α
2
τ 2) the equation simplifies to:

vout =
Ac

2

2
cos
(
ωbt+ 2θnoise sin(

ωmτ

2
) cos(ωmt− ωmτ/2)

)
. (2.9)

Since τ = 2R/c, Eq. (2.9) can be written as

vout =
Ac

2

2
cos

(
ωbt+ 2θnoise sin(

ωmR

c
) cos(ωmt− ωmR/c)

)
. (2.10)

Eq. (2.10) shows that after mixing the phase modulation index is 2θnoise sin(ωmR/c),

which is different from the original phase modulation index term θnoise. This new term

suppresses the sidebands by a factor of 2 sin(ωmR/c). This suppression factor is called

the correlation factor in FMCW radars. The reason for suppression is that because

transmitter and receiver share the same PLL, the phase noise in the transmitted and

received signals are correlated for distances close to the radar. However, with the

increase in distance (a larger delay) the signals become uncorrelated and the suppression

is less significant. The relationship that shows the calculated phase-noise spectrum from

Eq. (2.10) for three different distances is shown in Fig. 2.5. As can be seen from the

figure, for the closer object (0.1 m) the IF phase-noise level is below -156 dB and for

the distant object (10 m) the IF phase noise is below -116 dB.

To suppress the IF phase-noise influence on the receiver, an isolation improving
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structure can be implemented. The improvement required by the isolation structure is

calculated in dB scale from the following equation

Rrx = Ptx + CNR + CF − ITxRx, (2.11)

where Rrx, Ptx is transmitted and received power in dBm, respectively, CNR is carrier-

to-noise ratio at an offset frequency of the PLL, CF is the correlation factor, and ITxRx
is the isolation between transmitting and receiving antennas. In addition to improving

isolation between the transmitting and receiving antennas, receiver performance can be

improved by designing a low-phase-noise PLL, but this topic is out of the scope of the

thesis. An example of the IF phase-noise suppression by improving TX-RX isolation by

40 dB is shown in Fig. 2.6.
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Figure 2.5. Phase noise of an FMCW radar shown at both carrier and IF frequency.
The multiplicative effect of the correlation factor on the carrier phase noise results in
much lower IF phase noise.
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Figure 2.6. Phase noise of a FMCW radar shown at both carrier and IF frequency
with an additional isolation 40 dB between the transmitting and receiving antennas.

2.1.3 Leakage cancellation techniques

The use of separate antennas for transmission and reception provides better isolation

between the transmit and receive channel as compared to the situation of a shared an-

tenna. However, because of the limited antenna isolation, the leakage can still enter the

receiving circuit through mutual coupling between the antennas, see Fig. 2.4(b). The

TX leakage signal can be further reduced by improving the isolation with passive elec-

tromagnetic structures or by using some form of active cancellation technique [1, 23].

For example, active circuit cancellation can be achieved by using a vector modulator

[23]. Passive cancellation can be realized with electromagnetic band gap (EBG) struc-

tures [24]. Both techniques have their advantages and disadvantages. The benefit of

passive over active techniques is that passive circuits do not consume power. The active

cancellation technique for wideband operation is challenging, due to the frequency-

dependent nature of the isolation between the transmitting and receiving antennas. A

detailed comparison between the two techniques and implementation for a single-chip

millimeter-wave FMCW radar is presented in Chapter 4.
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2.2 Array antennas

Generally, array antennas are used to provide high gain and beam-steering functionality.

These concepts of array antennas can be used in FMCW radars to increase the target

detection range, to perform imaging, and to scan an environment, for example, in

an object search-and-track application [1]. The antenna gain and scan angle can be

set by proper selection of the phase and amplitude of the individual array elements,

element spacing, geometrical arrangement, and type of individual array element [17].

Geometrically, arrays can take many forms such as one-dimensional linear arrays, two-

dimensional rectangular or circular arrays, three-dimensional arrays, etc. The element

spacing can be uniform, dense, sparse, or random. In this section, a preliminary analysis

is presented on one- and two-dimensional dense phased arrays and near-field focused

arrays. These array antenna concepts are extended to a MIMO radar array design in

Chapter 5.

To analyze the one- and two-dimensional arrays we use the array arrangement shown

in Fig. 2.7. The one-dimensional array is placed along the x-axis with uniform spacing of

dx, and a two-dimensional array arranged in the x-y plane with a uniform spacing dx in

the x-direction and dy in the y-direction. The source is assumed to be a Hertzian dipole

located at the origin and whose time-harmonic electric field in spherical coordinates and

components is given by [17]

Er(r, θ, φ) = η
I·∆l cos θ

2πr2

(
1 +

1

jkr

)
exp(−jkr), (2.12a)

Eθ(r, θ, φ) = jη
k·I·∆l sin θ

4πr

(
1 +

1

jkr
− 1

(kr)2

)
exp(−jkr), (2.12b)

Eφ(r, θ, φ) = 0, (2.12c)

where Er, Eθ, Eφ represent the r, θ and φ components of the electric field, respectively,

η is the free-space impedance, k is the wave number, I is the total current on an

infinitesimal dipole of length ∆l. The total electric field of N array elements at an

observation point (r, θ, φ) from the center of the array is given by

Etotal(r, θ, φ) = E0(r0, θ0, φ0) +E1(r1, θ1, φ1) + . . .+En(rn, θn, φn) + . . .

+ EN(rN−1, θN−1, φN−1) (2.13)

where (rn, θn, φn) is the coordinate of the observation point with respect to the source

position of the n-th element, which is the center of its Hertzian dipole source taken
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as the local origin, see Fig. 2.7. The total electric field is calculated directly for near-

field arrays. However, in the far-field region approximations can be used for efficient

analysis as well as ease of understanding. Both techniques are presented in the next

two subsections. We start with the far-field analysis as it is less complicated.

PAGE 0 4-8-2019 

dx 

x 

z 

Hertzian dipole 

(a) 

 θ 

PAGE 0 2-7-2019 
y 

z 

x 

𝒓  

𝝓  

𝜽  

θ 

(b) 

dy 

dx 

(r, θ, ϕ) 

ϕ 

.

Figure 2.7. One- and two-dimensional uniform arrays of Hertzian dipoles, (a) one-
dimensional array, (b) two-dimensional array.

2.2.1 Phased arrays: far-field analysis

In phased arrays, the phase of an array element’s current is controlled in such a way that

the electric-field contributions from each element of the array sums up constructively

in the intended direction and cancel out destructively in other directions in the far-field

region [17]. The far-field region is considered to be the region with a distance beyond

2D2/λ from the center of the array, where D is the largest dimension of the array and

λ is the free-space wavelength. In this region the contribution of some the electric-field

components of the source to the total field is insignificant. Hence, by making certain

approximations the analysis in the far-field region is simplified. From the source field

components, given in Eq. (2.12), the radial component is decaying faster ( 1
r2

) than the

θ-component (1
r
), hence, it is ignored [17]. In addition, the θ-component terms that

decay faster than 1
r

are also ignored. Therefore, the far-field analysis includes only the
1
r

decaying term of the θ-component. With these far-field approximations Eq. (2.12b)

can be re-written as

E(r, θ, φ) =
1

r
Ee(θ, φ)exp(−jkr), (2.14)
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where Ee(θ, φ) represents the element factor.

In far-field analysis, further approximations of the total field given in Eq. (2.13) can

be made. A technique that is commonly employed in far-field analysis is a localized

plane-wave approximation [17]. Since the wave fronts of plane waves are perpendicular

to the propagation direction, the radial lines from each array element to the observation

point (see Fig. 2.7) become parallel lines, see Fig. 2.8. With this approximation, the

radial distance (rn) can be expressed as a function of θ, dx, and r in a one-dimensional

array. For example, rn = r − ndx sin θ. This expression can readily be used for the

phase, however, for the amplitude the ndx sin θ term can be ignored since the observation

distance r is much greater than the array dimension. With these approximations, the

total field of the array is given by

Etotal(r, θ, φ) =
exp(−jkr)

r
Em(θ, φ)AF θ̂ (2.15)

where, in a one-dimensional array

AF =
N−1∑
n=0

|an| exp[−j(nkdx sin θ − βn)]. (2.16)

AF is called the array factor in far-field array analysis. The array is steered to any

direction by varying the excitation phase βn of each element. The excitation amplitude

of element n is represented by |an|. For steering direction θ0 the values of βn are

calculated by

βn = nkdx sin θ0. (2.17)
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Figure 2.8. Approximation of one- and two-dimensional arrays in the far-field region,
(a) one-dimensional array, (b) two-dimensional array.
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In the same way, in a two-dimensional rectangular array rnm can be expressed as a

function of θ, φ, dx, dy, and r. For example, rnm = r − ndx sin θ cosφ−mdy sin θ sinφ.

Hence, the array factor AF for a uniform rectangular array with N ×M elements is

given by

AF =
N−1∑
n=0

M−1∑
m=0

|am,n| exp [−j(nkdx sin θ cosφ+mkdy sin θ sinφ− βm,n)] (2.18)

To steer the beam of the array in any direction, the excitation phases βm,n for each

element are varied. For steering direction (φ0, θ0) the values of βm,n are calculated by

βm,n = nkdx sin θ0 cosφ0 +mkdy sin θ0 sinφ0. (2.19)

The array pattern of a seven-element half-a-wavelength spaced uniform linear array

with various scan angles θ0 and of a 7 × 7 half-a-wavelength spaced two-dimensional

rectangular array with scan angle fixed to broadside are shown in Fig. 2.9 (a) and (b),

respectively.
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Figure 2.9. Phased array patterns of (a) a seven-element half-a-wavelength spaced
uniform one-dimensional array with scan angle θ equal to 0◦, 15◦, and 45◦, (b) 7× 7
half-a-wavelength spaced uniform rectangular array scanned towards broadside.

2.2.2 Near-field focused antenna array

In the near field the individual electric fields from each antenna cannot be approxi-

mated by plane waves and the amplitude variation is also significant. In addition, each
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antenna contains not only the θ field component, but also contains the r and the φ field

components. The analysis is simplified by assuming that there is no mutual coupling

between antenna elements.

To calculate the total electric field, the spherical components of the Hertzian dipole

presented in Eq. (2.12) are first converted from a spherical to a Cartesian coordinate

system. The field is summed up in the Cartesian coordinate system and subsequently

converted back to spherical coordinates. The spherical-to-Cartesian coordinate system

conversion is given by

r̂mn = sin θmn cosφmnx̂ + sin θmn sinφmnŷ + cos θmnẑ, (2.20a)

θ̂mn = cos θmn cosφmnx̂ + cos θmn sinφmnŷ− sin θmnẑ, (2.20b)

φ̂mn = − sinφmnx̂ + cos(φmn)ŷ (2.20c)

In a 1D array, the conversion formulas simplify from a polar to a Cartesian coordinate

system and is given by

r̂n = sin θnx̂ + cos θnẑ, (2.21a)

θ̂m = cos θnx̂− sin θnẑ. (2.21b)

where

sin θn =
r sin θ − ndx

rn
,

cos θn =
r cos θ

rn
,

rn =

√
(r cos θ0)2 + (r sin θ0 − ndx)2).

To convert the total field back to spherical coordinates we use the following relations

x̂ = sin θ cosφr̂ + cos θ cosφθ̂ − sinφφ̂, (2.22a)

ŷ = sin θ sinφr̂ + cos θ sinφθ̂ + cosφφ̂, (2.22b)

ẑ = cos θr̂− sin θθ̂. (2.22c)
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In a one-dimensional array the conversion formulas are given by

x̂ = sin θr̂ + cos θθ̂, (2.23a)

ẑ = cos θr̂− sin θθ̂. (2.23b)

An example of focusing in the near field for a uniform one-dimensional and a uniform

rectangular array is shown in Fig. 2.10. Three different distances of r0 are used for

plotting the normalized radiated power from a linear array. With the increase in distance

the side-lobe level decreases and for large r it resembles that of the far-field result shown

in Section 2.2.1.
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Figure 2.10. Near-field focused array pattern, (a) of a seven-element uniform one-
dimensional array with half a wavelength spacing, (b) of a 7× 7 uniform rectangular
array calculated at the distance r = 0.05m.

Beam steering of near-field focused arrays is done in the same way as in far-field

arrays as discussed in the previous section.

2.3 Array signal processing

By applying array antennas, an FMCW radar is able to perform a direction-of-arrival

(DoA) estimation [25]. There are several algorithms that are based on array signal

processing. In this section we will introduce three algorithms that are commonly used

in DoA estimation. These algorithms are conventional beamforming, Capon’s method

and MUSIC (Multiple Signal Classification). Using these three algorithms, MIMO radar
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with on-chip integrated antennas will be investigated in Chapter 5.

2.3.1 Source signal model

The signal is modelled as a narrow-band far-field source propagating in a non-dispersive

isotropic medium. In addition to that, we assume only white Gaussian noise and that

there is no mutual coupling between array elements. The case for one and two sources

are shown in Fig. 2.11(a) and (b), respectively. We will assume a linear array with

dx
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v0v2 v1vN-1

θ 
z 
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dx
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s1(t)

z θ 
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Figure 2.11. Source signals originated in various directions, (a) single source case,
(b) two source case.

element spacing dx. The received signal vector for a single source is given as

v(t) = a(θ0)s0(t) + n(t), (2.24)
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where n(t) is the white Gaussian noise, s0(t) is the source signal, and a(θ0) a steering

vector that shows the relative phase shift between the array antenna elements given by

a(θ0) = exp(−jkndx sin θ0).

For K sources, the received signal vector of Eq. (2.24) is modified to

v(t) =
K−1∑
`=0

a(θ`)s`(t) + n(t)

= A(θ)s(t) + n(t)

(2.25)

2.3.2 DoA algorithms

To investigate the three DoA algorithms we consider a radar integrated with a 1D linear

array. To estimate the DoA of each source signal, a data sample of a certain length is

used. A received signal vector with Q samples is given by

v(t) = [v(t0) v(t1) . . . v(tQ−1)] . (2.26)

The data sample size affects the accuracy of DoA algorithms. A small number of data

samples results in inaccuracy of the DoA because of the significant contribution from

the noise signal. To minimize the noise effect most often enough data samples are used

in the estimation of the DoA.

Conventional Beamforming

The beamformer solution w in this algorithm is found by maximizing the output power

of the received array signal while keeping |w| = 1. The equation to maximize the power

is given by [25]

P (w) = wHR̂vvw, (2.27)

where H is the Hermitian transpose and R̂vv = 1
Q

∑Q−1
t=0 v(t)vH(t) is a covariance ma-

trix. The covariance matrix is not exact, rather an approximate estimated from a

sample of data. Therefore, the notation of R̂vv is used to differentiate from the exact

Rvv matrix. The exact estimation of Rvv requires infinite observation time, which is
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impossible in practice. The solution of w is given by

w =
a(θ)√

aH(θ)a(θ)
. (2.28)

With the solution of the beamformer, the relative power calculated over the entire θ

range is given by

P (θ) = wHR̂vvw. (2.29)

Signal source directions are the θ locations where the local maxima occur in the spec-

trum.

Capon’s algorithm

Capon’s method minimizes the total power received by keeping the power in the direc-

tion of the source constant. It is given by [25]

minimize wHR̂vvw,

subject to wHa = 1.

(2.30)

The equation is solved by using a Lagrange multiplier as

∇L(w, λ) = ∇
{

wHR̂vvw− λ(wHa− 1)
}

= 0.

The solution of Capon’s algorithm is given by

w =
R̂
−1

vv a(θ)

aH(θ)R̂
−1

vv a(θ)
, (2.31)

and the resulting relative power signal is

P (θ) =
1

aH(θ)R̂
−1

vv a(θ)
. (2.32)

Signal source directions are the θ locations where the local maxima occur in the spec-

trum.
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MUSIC

The MUSIC algorithm is one of the algorithms that are categorized as subspace-based

algorithms. The MUSIC beamformer exploits the spatial dimension of the covariance

matrix. The spectral decomposition of the covariance matrix is given as [25]

R̂vv = R̂ss + σ2I, (2.33)

where R̂ss is a source covariance matrix and σ2I is the noise covariance matrix. Assum-

ing the noise is white and uncorrelated, the eigen value decomposition of the covariance

matrix is given by

R̂vv = ÛΛÛ
H

= ÛsΛsÛ
H

s + σ2ÛnÛ
H

n ,

(2.34)

where ÛsΛsÛ
H

s is a sample signal covariance matrix in signal subspace and ÛnΛnÛ
H

n

spans the noise subspace. The relative power spectrum over θ with the MUSIC beam-

former is given by

P (θ) =
1

aH(θ)ÛnÛ
H

na(θ)
. (2.35)

Signal source directions are the θ locations where the local maxima occur in the spec-

trum.

2.4 Conclusions

In this chapter we presented the basic working principles of FMCW radars, transmitter

phase noise influence on the radar performance, phase array antennas, near-field focused

arrays, and three direction of arrival estimation algorithms. In Chapter 3 and Chapter 4

we design antennas that reduce phase noise influence on FMCW radars and improve

direction arrival estimation. Phased array and the three DoA algorithms concepts will

be expanded to MIMO radar analysis in Chapter 5.



Chapter three

High isolation on-chip Antenna

Integration
1

Summary

A complete functional 60 GHz BiCMOS single-chip millimeter-wave frequency-

modulated continuous wave (FMCW) radar with on-chip integrated antennas is de-

signed, realized, and experimentally validated. The chip is configured with one trans-

mitting and two receiving antennas. A high antenna efficiency and isolation between

the transmitting and receiving antennas is achieved by using a cavity-backed on-chip

monopole and by optimizing the package environment. Surface-wave losses and back

radiation are reduced, and a high antenna gain is obtained with small ripples in the

antenna pattern by implementing special structures on the PCB of the integrated cir-

cuit package. The experimental results from the single-chip radar show that the on-chip

antennas provide a gain of 2 dBi with very low back radiation. The realized antennas

achieve an impedance bandwidth of more than 50% with a corresponding simulated ef-

ficiency of 45%. In addition, the proposed approach suppresses surface waves and meets

the specific FMCW radar requirements, such as a more than 25 dB isolation between

the transmitting and receiving antennas.

1The work presented in this chapter was published as a journal paper [5], and included here in its
entirety without any change.
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3.1 Introduction

Recent breakthroughs in the development of CMOS and BiCMOS silicon semiconductor

technologies have opened the opportunity to develop single-chip integrated millimeter-

wave (mm-wave) radars with on-chip embedded antennas [19, 26–32]. Due to the high

level of integration, new and highly flexible multinode mm-wave radar systems can be

considered for low-cost medium- to high-volume applications. Working at mm-waves

enables the radar to have a much better spatial resolution compared with traditional

RF/microwave radars (operating below 12 GHz, and at 24 GHz), since the range reso-

lution, ∆R, of a frequency-modulated continuous wave (FMCW) radar is given by [1]:

4R =
c

2B
(3.1)

where c is the speed of light and B is the bandwidth. In Europe, the license-free 60-GHz

band covers all frequencies between 57 and 66 GHz, resulting in a bandwidth of 9 GHz,

for which a European standard was released in 2012 [4]. Similar regulations also exist in

other parts of the world. By operating in the 60-GHz band, a range resolution of 2 cm

or better can be obtained. Another key advantage is that the form factor can be kept

small. These stimulate the development of new application domains for short-range

radar applications, e.g., in the area of industrial and home automation. From a cost

perspective, standard low-cost fabrication processes are preferred. Nowadays, there is a

wide consensus among 60-GHz research groups that silicon-based or silicon-germanium-

based technologies, i.e., CMOS or BiCMOS, should be used for the electronics of the

wireless front-end. This is also outlined in [13], where two different integration strategies

for the antenna are compared. They distinguish the antenna-on-chip (AoC) solutions,

i.e., (Bi)CMOS integrated antennas, from the antenna-in-package (AiP) solutions, i.e.,

antennas that are integrated in the package technology of the integrated circuit (IC).

From this comparison, they conclude that on-chip antennas are less favorable than in-

package antennas for 60-GHz applications. They support their conclusion with the

argument that AoCs achieve radiation efficiencies of only less than 12% unless non-

mainstream processing steps are included, which would increase the cost of the solution

accordingly. In contrast, Daniels et al. [33] claimed that AoCs offer the cheapest solution

and suggested that more research should be conducted in order to increase their gain

values to meet those of their AiP counterparts.
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Table 3.1. Overview of state-of-the-art AoC designs in silicon technologies

Ref. ρ
(Ω.cm)

Size
(mm2)

Center
freq.
(GHz)

Eff.
(%)

Gain
(dBi)

Antenna type

[34] - 1.045 60 10 -8 on-chip Yagi
[35] 12.5 0.72 140 - -2 on-chip slot antenna
[26] 17 1.222 60 19.6 -2.1 on-chip wide slot coupled

with on-chip AMC
[36] - 3.24 60 - -4.4 on-chip AMC-based
[37] - - 60 1 -14.5 on-chip patch
[38] - 2.6 94 - -2.5 on-chip leaky wave
[39] 13.5 - 35 48 0.5 dielectric resonator with

on-chip slot
[40] - - 90 30 0.7 on-chip slot antenna with

quartz superstrate
[41] - 0.72 130 43 2.7 dielectric resonator with

on-chip meander slot
[42] - 1.5 94 50 3 on-chip slot antenna with

superstrate
This work 20 - 60 45 2 on-chip monopole backed

by a cavity in a PCB

Besides the cost benefits, the inherent advantage of the AoC approach is that the

antenna can be directly connected to the amplifier without the need for mm-wave chip-

to-off-chip interconnects. This will minimize interconnect losses. However, the low

electric resistivity (typically 10 Ω·cm) and the high dielectric constant (εr = 11.9) of

the relative thick silicon substrate introduce significant losses to the antenna. The

ohmic losses have a severe impact on the on-chip antennas, since the electric field is

not mainly concentrated directly around the antenna, but also penetrates deep into

the silicon substrate. Hence, the radiation efficiency and, consequently, the gain are

significantly affected by this. The on-chip Yagi antenna in a 0.18−µm CMOS technology

published in [34], for example, achieved a radiation efficiency of only 10% and a gain

of 8 dBi. An overview of typical state-of-the-art AoC designs is given in Table 3.1. It

is clear that achieving a satisfactory radiation efficiency (η) in standard (Bi) CMOS

processes poses a major challenge. Additional post-processing techniques can improve

the efficiency, but at the expense of a cost [14]. In addition to the Ohmic losses,

surface waves and guided substrate modes also affect the radiation characteristics of

the AoC. For electrically small substrate dimensions, the surface waves and substrate

modes are reradiated and diffracted at the edge and strongly interfere with the space
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waves of the antenna resulting in a radiation pattern with multiple nulls. For an AoC

antenna embedded in a package, the surface-wave losses become severe and the package

optimization is required to reduce the losses [43]. In addition to antenna efficiency,

several other challenges related to a single-chip FMCW radar needs to be addressed.

The key system-level requirements and challenges are summarized as follows.

• Antenna efficiency: Substrate losses in the silicon and additional losses in a pack-

age reduce the range of operation of an FMCWradar. Efficiency improving tech-

niques such as wafer grinding, use of high-resistivity silicon substrates, and code-

sign of the AoC and the package are required.

• Isolation: In FMCW radars, a transmitter (TX) and a receiver (RX) operate

simultaneously, which requires a high isolation between the TX and RX antennas.

High isolation reduces the leakage from the TX to the RX. Low isolation increases

the receiver noise figure, particularly, when using a free-running voltage-controlled

oscillator (VCO), and results in receiver saturation when using homodyne down

conversion.

• Antenna Bandwidth: An FMCW radar operating in the 60 GHz license-free band

requires at least a 9 GHz antenna bandwidth.

• Radiation pattern: Direction-of-arrival (DoA) in FMCW radars is determined

from phase information of the received signals. Instabilities or errors in the phase

of the received signals cause inaccuracy in the measured DoA. Since the phase

error is related to ripple in an amplitude pattern, the pattern of the antenna

should have low ripples in broadside.

• Package integration: Due to the high dielectric constant of the silicon substrate,

the radiation pattern is typically more directive toward the thick silicon substrate

[27]. This becomes more problematic in wire bonding assembled packages, as

the strongly radiating side of the silicon is mounted on a PCB. Since low-cost

applications use wire-bonding techniques, co-design of the AoC and package is

required to optimize the radiation characteristics.

In this work, we present a high-efficiency on-chip antenna design and integration into a

complete functional 60-GHz BiCMOS single-chip FMCW radar. To address problems

associated with isolation and heat dissipation and to minimize the silicon area that

needs to be used, we developed a cavity-backed on-chip monopole (CBOM) concept.

The cavity is implemented in a PCB of the package on which the IC die is mounted.

We integrated three CBOMs, one TX and two RXs, in the single-chip radar. We also

implemented special structures on the PCB of the package to suppress surface waves

and substrate modes, reduce back radiation, reduce ripples in broad side, and improve
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the isolation between the TX and RX antennas. All simulations in this work have been

carried out with the finite integration technique time domain simulator of CST [44].

3.2 High efficiency on-chip antenna design

In this section, we explain how to improve the on-chip antenna efficiency using the

package environment based on standard fabrication technologies.

3.2.1 IC and Packaging technology

The BiCMOS process Qubic4X is chosen as integration technology due to its relatively

high substrate resistivity of 20 Ω·cm (see [45]). The bulk silicon material has a relative

permittivity of εr = 11.9. Qubic4X uses a 10−µm-thick back-end with five metal layers.

The metal layers are separated by silicon dioxide (εr = 4) and can be connected using

via holes. Design rules of the technology dictate that metal tiles (dummy fills) have to

be used as much as possible to ensure a minimum metal density. Due to manufacturing

limitations, it is not possible to realize large metal structures, e.g., ground planes.

Therefore, most on-chip antennas are printed planar structures with small metallic

widths. The wafers are grinded down to a thickness of 200 µm as a standard processing

step. This particular technology choice enhances the antenna efficiency compared with

other technologies used in Table 3.1. The packaging technology, realized on a standard

PCB technology, has several limitations, but also has more flexibility in the choice of

material, shapes, and die assembly techniques. A typical low-cost bond-wire assembled

package is shown in Fig. 3.1. The silicon die is mounted on a PCB either in upright

position for wire-bonding assembly or flipped over for solder-ball joint assembly. Other

than being a low-cost technology, the wire-bonding assembly provides more contact

surface area for heat-dissipating metals at the bulk side of the silicon substrate. The

substrate of the PCB can be any dielectric material with well-known dielectric and

thermal properties. In this paper, we selected Rogers 4003 substrate with εr = 3.55

and tanδ = 0.0027 [46]. Interconnects are printed on the PCB and connected with the

die through the bond wires. Furthermore, the PCB includes heat sink metal patterns

(large metal areas) and vias to connect the metals on different layers. The die and bond

wires are protected from environmental hazards using a plastic mold (epoxy) with εr =

3.7 and tanδ = 0.012.
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3.2.2 Package optimization for guided-wave suppression

The main causes for low antenna efficiency of on-chip antennas are ohmic losses in

the silicon. In addition, surface-wave and substrate guided mode losses in a silicon

substrate and in a package contribute to the reduced AoC efficiency. The source of

surface waves and substrate modes in the substrate is the coupling of the energy from

radiating structure to substrate transverse electric (TE) and transverse magnetic (TM)

modes. These losses depend on the thickness of the substrate material. The thickness

also determines the number of excited modes. The higher the number of excited modes,

the higher the losses. The relations between the substrate thickness h and the number

of TE and TM modes n for a given cutoff frequency fc in the ungrounded and the

grounded substrates are given by [47]:

hungrounded =
n

2fc
√
ε0µ0(εrµr − 1)

, n =


1, 2, 3, ..., for TE,

1, 2, 3, ..., for TM,

(3.2)

hgrounded =
n

4fc
√
ε0µ0(εrµr − 1)

, n =


1, 3, 5, ..., for TE,

0, 2, 4, ..., for TM,

(3.3)

where c is the speed of light, ε0 and µ0 are the permittivity and permeability in free

space, respectively, and εr and µr are the substrate materials relative permittivity and

permeability, respectively. From the equations, it is clear that the grounded substrate

Plastic mold 

PCB substrate 

On-chip antenna IC 

via Back ground plane 

Figure 3.1. An IC package assembled using a bond-wire technology.
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supports only even TM modes and odd TE modes. Note that the TE0 and TM0 modes

in the ungrounded substrate and TM0 in the grounded substrate will always exist irre-

spective of the thickness. However, it is possible to choose a thickness of the substrate

to eliminate higher order modes for a given cut-off frequency. Fig. 3.2 shows the maxi-

mum allowable thicknesses to cut-off higher order modes at 60 GHz in the grounded and

ungrounded substrates. We observe that in the case of a silicon substrate, the thickness

should be below 350 µm in order to avoid higher order modes. To reduce surface-wave

and substrate mode losses in dielectric materials, electromagnetic bandgap or artificial

magnetic conductor (AMC) structures are most commonly used [24]. In [48], the on-

chip AMC structures improve the antenna gain and provide low surface-wave losses.

However, on-chip antennas embedded in a package require additional structures to sup-

press surface waves and substrate modes in the package. The method used in this paper

includes: 1) substrate thinning so that only fundamental modes, TE0 and TM0, can

exist, and 2) use of metal patterns and via strips (vias connected with metal strips)

to suppress the excited modes. These structures are entirely implemented on a PCB.

Hence, the area of the silicon is kept small. The metal patterns are implemented by

either adding metal plates (ground planes) or by optimizing the design of low-frequency

interconnect structures (power supply and control lines) of the PCB. The latter is pre-

ferred for cost and PCB area minimization. We demonstrate the application of the TE

and TM guided mode suppression technique using a dipole antenna printed on a thin

substrate as shown in Fig. 3.3(a). A dipole antenna with length L = 1 mm is printed

on an ungrounded silicon substrate with thickness h = 200 µm. Since the modes in the

substrate propagating toward the x-direction are TE0, we add metal plates as shown in

Fig. 3.3(b) and (c) to suppress TE0 mode guided waves. In both designs, the center area

of the substrate with a gap of 1.4 mm along the x-axis and with length that extends to

the edge of the substrate along the y-axis is left ungrounded as it affects the antenna

radiation efficiency. For the three configurations, Fig. 3.4(a) and (b) shows the E- and

H-plane radiation patterns, respectively.We clearly see that the the substrate-guided

effect is reduced when we add the metal plates either on the top or bottom layer of the

substrate. However, there are some differences in adding a metal plate on top or bottom;

in the top case, the directivity (gain) is increased toward the positive z-axis, whereas

in the bottom case, the directivity increases toward the negative z-axis. The other dif-

ference is that the metal plate at the bottom of the silicon substrate can be realized

on the PCB using an inexpensive PCB manufacturing process. The antenna radiation

pattern is sensitive to the metal plate size, particularly the length in the y-direction.

Increasing the metal plate length in the y-direction increases the TM0 surface-wave

modes as they are metal-bound modes. These TM modes can be suppressed by keeping

the metal plate short and by adding via strips parallel to the x-axis at a distance where

it does not affect antenna radiation efficiency. Increasing the metal plate length in the

x-direction significantly reduces the dominant TE0 modes. In our designs, the effect of

dummy metal tiles on the antenna characteristics was also investigated. In our case, we



34 3 High isolation on-chip Antenna Integration

Figure 3.2. Maximum allowable substrate thickness to cut-off higher-order modes at
60 GHz in grounded and ungrounded substrates.

have used metal tiles of 4 × 4 µm with a 4 − µm gap between the tiles. The simula-

tion results show that the metal tiles do not affect the antenna characteristics. This is

not unexpected, since the metal tiles are very small compared with the dipole antenna

length (1 mm). Since the inclusion of the metal tiles in our simulation model requires

a lot of additional memory space and increases the simulation time, the models in the

next sections do not include the metal tiles. Based on the investigation of the printed

on-chip dipole antenna of Fig. 3.3, we have optimized the package for surface-wave and

guided-wave suppression resulting in the configuration of Fig. 3.5. The silicon die that

contains the on-chip antenna is mounted on a two-layer PCB substrate (Rogers 4003)

and covered with a plastic mold material. The PCB substrate and the plastic mold

have a thickness of 0.5 mm and length and width of 7 mm. The thicknesses of the

substrates and superstrates are chosen in such a way that the effect or the existence of

higher order TE/TM modes is significantly reduced. To suppress the TE0 mode using

the configuration of Fig. 3.4(b), a ground plane at the bottom of the silicon substrate

is used, which is designed on the top layer of the PCB. Along the x-axis, this ground

plane extends to the edge of the PCB. The center area with a gap of 1.4 mm along

the x-axis and with length that extends to the edge of the PCB along the y-axis is

left ungrounded since the presence of a ground plane in that region affects the antenna

impedance matching and its radiation efficiency. The dominant modes propagating to-

ward the y-direction are TM0 modes. These modes are suppressed by implementing via
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• Improves the impedance matching and reduces insertion loss 

(Characteristic impedance has roughly an inverse relationship 

with the square root of  the dielectric constant)  

• The combined length of  the series transmission line section and 

the wire becomes long, however, embedding reduces the length 

of  the required series transmission line section 

 

 

 

 

 

 

 

 

 

Bondwires at mm-wave frequencies 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

       

Antenna on silicon 

• Antenna-pattern: 60° x 65°  

• Package size: 7x7x1.2 mm3 

• Pin-pitch: 0.5mm 

Conclusion 
• A series transmission-line section is used for impedance 

compensation  

• Both the compensating circuit and the bondwires are embedded 

inside an epoxy  

• The measured results show an impedance matching below -6 dB 

and the simulation results show an insertion loss of  0.35 dB 

Fig. 3. Simulation result for a ground-signal-ground bondwire 

interconnect embedded inside an epoxy, (a) insertion loss and (b) 

matching. 

Fig 7. Measured reflection 

coefficient of  LNA with 

and with and without the 

matched bondwire 

transition 

Impedance Compensation Using a Series 

Transmission Line Section 

Embedding bondwire inside a plastic mold 

Experimental Results 

Fig. 1. A ground-signal-ground 

bondwire interconnect between a 

chip and a package, (a) top view (b) 

side view. 

Fig. 2. Simulation result, 

(a) insertion loss and (b) 

matching. 

Fig. 4. A bondwire interconnect 

with the inclusion of  series 

transmission line section, (a) top 

view (b) side view 

Fig. 5. Simulation result (a) 

insertion loss and (b) 

matching. 

Fig. 6. An 

experimental test 

structure 

(b) 
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Silicon substrate 

dipole 
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y 

z 

h = 0.2 mm 

Figure 3.3. Dipole antenna on a 200 µm thick silicon substrate. (a) ungrounded
(b) with top guided-wave suppressing metal plates (c) with bottom guided-wave sup-
pressing metal plates.
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Figure 3.4. Simulated radiation patterns at 60 GHz of a dipole antenna on a 200 µm
thick silicon substrate with and without guided-wave suppressing metal plates (ground
planes), (a) E-plane and (b) H-plane.

strips parallel to the x-axis. The package is mounted on a ground plane. The effect of

the ground plane size is also investigated by comparing an infinite size and a finite size

of 7 × 7 mm2. Fig. 3.6 shows the simulated radiation patterns in the E- and H-plane for

the on-chip dipole antenna embedded inside the package with and without substrate-

mode and surface-wave suppressing structures. Note that the configuration without
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the substrate-mode and surface-wave suppressing structures uses a package without the

top ground plane and via strips. From these figures, we can observe that without the

substrate-mode and surface-wave suppressing structures, the radiation pattern has dips

toward broadside and the gain is significantly lower. A difference that is observed by

comparing the radiation patterns of the packaged and unpackaged on-chip dipole an-

tenna (compare Fig. 3.4 and 3.6) is that the antenna embedded within the package

with substrate-mode and surface-wave suppressing structures has 3-dB more gain and

no back radiation. The reason for the absence of back radiation is the presence of the

reflecting ground plane at the backside of the PCB substrate.
Bondwires at mm-wave frequencies 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

       

Conclusion 
• A series transmission-line section is used for impedance 

compensation  

• Both the compensating circuit and the bondwires are embedded 

inside an epoxy  

• The measured results show an impedance matching below -6 dB 

and the simulation results show an insertion loss of  0.35 dB 
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Fig. 4. A bondwire interconnect 

with the inclusion of  series 

transmission line section, (a) top 
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Fig. 5. Simulation result (a) 

insertion loss and (b) 

matching. 
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Figure 3.5. On-chip dipole antenna mounted on a PCB and covered by a plastic
mold.
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Figure 3.6. Simulated radiation patterns at 60 GHz of the on-chip dipole antenna
embedded inside a package with and without substrate-mode and surface-wave sup-
pressing structures, (a) E-plane (b) H-plane.
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3.2.3 Cavity-backed on-chip monopole (CBOM)

Even though the effect of substrate modes and surface waves of the on-chip dipole

antenna embedded inside a package (see Fig. 3.5 and Fig. 3.6) is significantly reduced,

it still has some disadvantages. First, it uses a relatively large silicon area, which is not

very cost effective. Second, because of its balanced feed, it requires an on-chip balun

or a differential amplifier. Third, because of the absence of a ground plane directly

below the on-chip antenna, its heat dissipation capability is not optimal. To address

Bondwires at mm-wave frequencies 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

       

Conclusion 
• A series transmission-line section is used for impedance 

compensation  

• Both the compensating circuit and the bondwires are embedded 

inside an epoxy  

• The measured results show an impedance matching below -6 dB 

and the simulation results show an insertion loss of  0.35 dB 

Embedding bondwire inside a plastic mold 

Fig. 4. A bondwire interconnect 

with the inclusion of  series 

transmission line section, (a) top 

view (b) side view 

Fig. 5. Simulation result (a) 

insertion loss and (b) 

matching. 

(b) 

(a) 

Metal plates Metal plates 

Silicon substrate 

dipole 

(b) (c) 

(a) 

WSi = 3 mm 

d 

d = 1.4 mm 

x 

y 

z 

h = 0.2 mm 

Ground plane 

Ground plane  

PCB substrate 

Plastic mold 

Vias connected with a strip 

Antenna (dipole) 

0.5 mm 

0.5 mm 

7 mm 

7 mm 

x 

y 
z 

silicon 

silicon 

Ground plane 

Vias connected 

with a strip 

PCB substrate 

On-chip antenna (monopole) 

Cavity 

(a) 

0.5 mm 

0.5 mm 

7 mm 

7 mm Plastic mold 

x 

y 

z 

WSi = 3.25 mm 

L Ws = 0.8 mm 

Ls = 0.96 mm  

PCB ground 

plane 

Silicon substrate 

Virtual ground plane 

(b) L
S

i 
=

 3
.2

5
 m

m
 

L
g

p
 =

 1
.7

5
 m

m
 

x 

y 

Cavity opening 

(a) (b) 

Figure 3.7. Cavity-backed on-chip monopole antenna, (a) 3D model, (b) top-view of
the layout of the PCB.

the problems of the on-chip dipole antenna embedded in a package and using the basic

design rules as the IC technology, we will introduce the CBOM concept. This is an IC-

compatible extension of the well-known cavity-backed antenna concept [49], [50]. The

CBOM concept is shown in Fig. 3.7(a) and (b). The monopole with length L = 0.4 mm

is printed on the top metal layer of the BiCMOS metal stack. To avoid the use of a

dedicated ground plane for the on-chip monopole, the dense metal interconnects of the

front-end circuits are used as a (virtual) ground plane. Hence, the area of the silicon is

kept small. To simplify the model complexity, this virtual ground plane is modeled as a

sheet of metal as shown in Fig. 3.7. The cavity is implemented in the PCB and has an

opening length of Ls = 0.96 mm, a width of Ws = 0.8 mm, and a depth of 0.5 mm. The
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monopole antenna is fed by a gap feed that is modeled as a 50 Ω port. The gap feed

is directly connected between the monopole ground plane and the monopole arm. The

silicon substrate, the PCB substrate, and the plastic mold have the same dimensions and

dielectric properties as shown in Fig. 3.5. The ground planes on top and bottom of the

PCB are connected with multiple vias, thus realizing excellent thermal properties. To

suppress substrate-modes and surface-wave propagation toward the x-direction, which is

dominantly TE0, we extended the width of the ground plane to the edge of the substrate.

To suppress the excitation and propagation of the TM0 mode inside the substrate toward

the y-direction, we added via strips. The simulation results of the CBOM are shown in

Fig. 3.8 and 3.9. The 10 dB impedance bandwidth of the antenna is more than 50%,

and its simulated radiation efficiency is approximately 45% for frequencies between 55

and 65 GHz. The antenna has smooth radiation characteristics in the E- and H-plane

with a gain of approximately 4.5 dBi.

3.2.4 Interconnect design optimization for guided-wave suppression

Up to now, we neglected low-frequency interconnects of the PCB that are used to supply

power and control signals to the chip through bond wires. The final PCB is a two-layer

stack that includes the interconnects printed on the top layer of the PCB. As a result,

the basic model of Fig. 3.7 should be modified to include the interconnects on the top

layer of the PCB. However, their design requires optimization for the substrate-mode

and surface-wave suppression similar to a ground plane shown in Fig. 3.7. We have

investigated various concepts for realizing the interconnect structures. Fig. 3.10 shows

three different realizations, and Fig. 3.11 shows the corresponding simulation results at

57, 60, and 64 GHz for the E- and H-plane. For the CBOM antenna, the dominant guide

mode losses originate from TE0 waves polarized in the y-direction that propagate toward

the x-direction. To suppress these modes, the metal strips of the interconnects should be

parallel to the E-field vector (along the y-axis), in line with Fig. 3.10(a). Therefore, it is

clear that the interconnect realization of Fig. 3.10(b) will result in a poor performance,

because there are no metal strips that suppress TE0 waves polarized in the y-direction.

The model of Fig. 3.10(a) is obviously a better choice; however, it cannot be used to

realize the required number of interconnects, because only a few metal strips can be used

in practice. The design of Fig. 3.10(c) is therefore a good comprise for realizing sufficient

substrate-mode and surface-wave suppression due to a large number of interconnects.

Furthermore, the simulation results of Fig. 3.11 show that the substrate-mode and

surface-wave suppressing structures have wideband characteristics.



3.2 High efficiency on-chip antenna design 39

Bondwires at mm-wave frequencies 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

       

Conclusion 
• A series transmission-line section is used for impedance 

compensation  

• Both the compensating circuit and the bondwires are embedded 

inside an epoxy  

• The measured results show an impedance matching below -6 dB 

and the simulation results show an insertion loss of  0.35 dB 

Embedding bondwire inside a plastic mold 

Fig. 4. A bondwire interconnect 

with the inclusion of  series 

transmission line section, (a) top 

view (b) side view 

Fig. 5. Simulation result (a) 

insertion loss and (b) 

matching. 

(b) 

(a) 

Metal plates Metal plates 

Silicon substrate 

dipole 

(b) (c) 

(a) 

WSi = 3 mm 

d 

d = 1.4 mm 

x 

y 

z 

h = 0.2 mm 

Ground plane 

Ground plane  

PCB substrate 

Plastic mold 

Vias connected with a strip 

Antenna (dipole) 

0.5 mm 

0.5 mm 

7 mm 

7 mm 

x 

y 
z 

silicon 

silicon 

Ground plane 

Vias connected 

with a strip 

PCB substrate 

On-chip antenna (monopole) 

Cavity 

(a) 

0.5 mm 

0.5 mm 

7 mm 

7 mm Plastic mold 

x 

y 

z 

WSi = 3.25 mm 

L Ws = 0.8 mm 

Ls = 0.96 mm  

PCB ground 

plane 

Silicon substrate 

Virtual ground plane 

(b) L
S

i 
=

 3
.2

5
 m

m
 

L
g

p
 =

 1
.7

5
 m

m
 

x 

y 

Cavity opening 

(a) (b) 

Figure 3.8. Simulated performance of a CBOM (a) reflection coefficient (S11), (b)
radiation efficiency.
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Figure 3.9. E- and H-plane simulated radiation patterns of a CBOM (a) 57 GHz, (b)
60 GHz, (c) 64 GHz.
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Figure 3.10. Three interconnect realizations which are used to investigate substrate-
mode and surface-wave suppression in a CBOM. The metal patterns are printed on
the top metal layer of the multi-layer PCB.

3.3 Package integration and optimization of TX-RX iso-
lation

3.3.1 Configuration of on-chip antennas for FMCW radar

To realize an FMCW radar with AoA functionality, we need to integrate at least one TX

antenna and two RX antennas on the silicon chip. In this section, we will describe the

realization of three CBOMs using the concepts introduced in 3.2. The resulting single-

chip radar with three CBOMs is shown in Fig. 3.12. Fig. 3.12(a) shows a conceptual

design, Fig. 3.12(b) shows the layout of the top of the PCB with the cavity openings on

the ground plane, and Fig. 3.12(c) shows the complete 3-D model of the package. Note

that the dimensions of the PCB substrate, the silicon substrate, and the plastic mold

are according to Fig. 3.7. The center area of the silicon chip [see Fig. 3.12(a)], is used

for the implementation of the frontend electronic circuits, including low-noise amplifiers

(LNAs), power amplifier (PA), mixers, frequency synthesizer, and control circuits. The

TX and RX monopoles are realized at the opposite sides of the silicon die to increase

the isolation. The two RX antennas are placed half-wavelength apart at 60 GHz and
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Figure 3.11. Simulated E-plane (left-hand side) and H-plane (right-hand side) radia-
tion patterns of a CBOM antenna on various PCB interconnect realizations (according
to Fig. 3.10), (a) and (b) at 57 GHz, (c) and (d) at 60 GHz and (e) and (f) at 64
GHz.
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Figure 3.12. Single-chip millimeter-wave FMCW radar integrated with three
CBOMs, (a) a conceptual design, (b) layout of the top layer of the PCB, (c) 3D
model of the package. The three antennas occupy 40% the total die area.

are aligned for AoA determination along the x-axis. The top of the PCB includes a

ground plane and an optimized interconnect ground plane for reduction of surfacewave

losses. The metal strips (interconnects) are optimized not only for substrate-mode and

surface-wave suppression, but also for the required number of interconnects and their

orientation. Furthermore, we added via strips between the TX and RX ground planes

directly underneath the die in order to increase the isolation between TX and RX. The

simulation model also includes bond wires [see Fig. 3.12(c)]. The simulation results of

the three CBOMs are shown in Fig. 3.13 and 3.14. The simulated 10 dB impedance

bandwidth of all antennas is more than 50%, and the simulated radiation efficiency is

around 48% for TX and around 40% for the RX antennas for frequencies between 55 and

65 GHz. The isolation is higher than 28 dB between 55 and 65 GHz. All the antennas

have a gain between 2 and 3 dBi in the frequency range between 57 and 64 GHz, and

less than 3-dB ripple in the radiation pattern in the E- and H-plane near broadside.
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Figure 3.13. Simulation results of TX and RX antennas of the single-chip millimeter-
wave FMCW radar, (a) reflection coefficient, (b) RX-TX isolation.

3.3.2 Isolation between transmit and receive antennas

The implementation as shown in Fig. 3.12 results in good isolation properties. This is

mainly a result of the optimization of the metal region below the die. In this section, we

will present the critical design guidelines for the structures that are used to improve the

isolation. The structures are implemented only on the PCB, so they do not require any

change on the chip. Fig. 3.15 shows three configurations of the PCB top metal layout: 1)

the ground planes of the TX and RX antennas are unconnected and two via-strip rows

are implemented between them; 2) the ground planes of TX and RX are unconnected

with a gap of 0.83 mm; and 3) the ground planes of TX and RX are connected. The

predicted isolation for each configuration is shown in Fig. 3.16. From the results, we

can observe that configuration 1) provides an isolation of at least 28 dB from 55 to 65

GHz. This good performance is due to the fact that the TM-wave propagation between

TX and RX is obstructed by the ground plane discontinuity and the via strips. Model

3) has the worst isolation, because the continuous ground plane does not suppress TM-

wave propagation. Configuration 2) has a better isolation compared with 3). However,

it has poor heat dissipation capabilities due to the low metal density under the silicon

substrate.

3.4 Experimental results

As a final step, a complete functional BiCMOS singlechip mm-wave FMCW radar with

on-chip integrated antennas was realized and experimentally validated. Photos of a stan-

dalone package and a package mounted on an application board are shown in Fig. 3.17(a)

and (b), respectively. The final design includes all design recommendations from Sec-
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Figure 3.14. Simulated E-plane (left-hand side) and H-plane (right-hand side) ra-
diation patterns of TX and RX antennas of the single-chip millimeter-wave FMCW
radar, (a) and (b) at 57 GHz, (c) and (d) at 60 GHz and (e) and (f) at 64 GHz.
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Figure 3.15. Three configurations of the top metal of the PCB that are used to
investigate the isolation between the TX and RX antennas.
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Figure 3.16. Simulation result of isolation between TX and RX antennas for three
various PCB designs.
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tions 3.2 and 3.3 with a few minor modifications. The main differences are that the

thickness of the plastic mold is increased by 0.2 mm, the metal box cavity is replaced

by a via-ring cavity, and the final package is mounted on a larger application board that

includes several control and power supply components that are required to control the

single-chip radar [see Fig. 3.17(b)]. In order to reduce the effect of surface waves on the

application board, an absorber with 1-mm thickness and 5-mm width is placed around

the package. This reduces surface waves mainly in the E-plane, which are excited due

to the presence of surface wave enhancing metal strips on the application board [see

Fig. 3.17(b)]. The metal strips in the application board are extensions of the intercon-

nect structures in the package PCB. In this specific prototype, they are not optimally

designed to suppress surface waves. Finally, the structures to improve the isolation

are not implemented, i.e., the TX and RX ground planes are connected as shown in

Fig. 3.15(c). We carried out some system-level experiments using the single-chip radar
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Figure 3.17. (a) Single-chip radar with three antennas integrated with the frontend
circuit. The total size of the chip-package is 7 mm by 7 mm. (b) Single-chip radar
mounted on an application board.

to demonstrate the performance of our antenna concept in a system context. Fig. 3.18

shows a range measurement for a chirp signal with a bandwidth of 6 GHz (57 – 63

GHz), which results in a range resolution of 2.5 cm. Due to the large instantaneous

bandwidth, the radar detects the front side and backside of the plastic bottle. Fig. 3.18

also shows a peak at 1.5 m caused by a corner reflector. Since this paper focuses on

the antenna performance of the realized prototype, we will discuss the antenna-related
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Figure 3.18. Performance of high resolution radar with two separate peaks for front-
and back-side of the bottle. The measurement also shows strong reflection for the
corner reflector.

parameters in more detail in the next sections.

3.4.1 Radiation pattern

We validated the performance of the antennas by measuring the gain and radiation

pattern of the TX antenna using the mm-wave far-field anechoic measurement setup

shown in Fig. 3.19 [51]. The 60-GHz signal is generated from the on-chip frequency

generator and radiated through the on-chip TX antenna. A standard-gain horn antenna

receives the signal that is downconverted to baseband by an external mixer for further

analysis with a spectrum analyzer. The E- and H-plane radiation patterns are measured



48 3 High isolation on-chip Antenna Integration

at 1◦ step between -90◦ and +90◦ in the horizontal plane. The absolute gain is calculated

from the received signal by taking in to account the measured output power from the

on-chip PA, horn antenna gain, path loss, cable losses, and conversion losses in the

system. The output power of the PA was measured from a special test chip without

the on-chip TX antenna. The measured and simulated radiation patterns are shown in

Fig. 3.20 for the E- and H-plane. The simulation model includes a simplified model of

the application board including the absorbers placed around the package. The measured

antenna gain is about 2 dBi at 60 GHz and about 1 dBi at 57 and 64 GHz. Because

of the surface-wave suppressing structures and the absorber around the package, the

ripple near broadside does not exceed 3 dB.

3.4.2 Isolation

Measuring isolation between the TX and RX antennas directly on the silicon with

ground-signal-ground RF probes and a network analyzer is impossible due to the pres-

ence of the epoxy. Moreover, as the probes are larger than the antenna, they would

influence the measurement significantly. A limited isolation between the transmitter

and receiver influences the dc-offset voltages in the receive channel. Fig. 3.21 shows

a block diagram of the isolation measurement setup. The setup consists of an on-chip
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Figure 3.19. Radiation pattern measurement setup. The RF signal is generated
from the on-chip front-end circuits and radiated through the on-chip TX antenna. A
standard gain horn antenna receives the signal which is down- converted for further
analysis in a spectrum analyzer.
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Figure 3.20. Measured and simulated E-plane (left-hand side) and H-plane (right-
hand side) radiation patterns of the TX antenna of the single-chip FMCW radar,
(a) and (b) at 57 GHz, (c) and (d) at 60 GHz, and (e) and (f) at 64 GHz. The
corresponding simulated radiation efficiency is 20, 22, 20%, at 57, 60 and 64 GHz,
respectively.
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transceiver, an external power supply, a control unit, and a computer for signal analysis.

Assume the RF oscillator to oscillate at f1 = 60 GHz. This signal is transmitted by

the on-chip TX antenna. Part of the transmitted signal will be coupled into the RF

PA 
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Figure 3.21. Block diagram of the isolation measurement setup that consists of an
on-chip transceiver, an external power supply, a control unit and a computer for signal
analysis.
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input of the receiver. The LNA amplifies this signal and feeds it to the mixer. The

IQ mixer downconverts the 60-GHz signal with the VCO signal, also at 60 GHz. The

mixing action will result in a (small) dc offset at the I- and/or Q-mixer output pending

exact phase of the TX signal. By measuring this offset and correcting for various gains

and losses in the receiver chain, the isolation can be calculated. Fig. 3.22 shows the

measured and simulated isolation results. The measured isolation is larger than 30 dB

in the frequency range between 61 and 64 GHz. The worst isolation occurs at lower

frequencies and is about 17 dB. Furthermore, we expect that the isolation can be further

improved using the concept of Fig. 3.15(a).

3.5 Conclusions

We have designed, fabricated, and experimentally validated a single-chip FMCW radar

with on-chip TX and RX antennas operating in the 60-GHz frequency band. The chip is

realized in a mainstream BiCMOS technology. Besides improving the on-chip antenna

efficiency, key system-level requirements of the radar such as isolation, bandwidth, low-

ripple radiation pattern characteristics, and package integration are addressed in the

design. The substrate mode and surface-wave losses in the silicon and PCB environ-

ment are reduced by thinning the substrate in such a way that it can excite only TE0

and TM0 modes and by using metal patterns or via strips to suppress the excited modes.

To minimize the silicon area, achieve a high antenna efficiency, and provide good heat

dissipation capabilities for the IC, we introduced the CBOM concept. In the final proto-

type, one TX and two RX CBOMs are integrated for the radar application. It is shown

that the isolation between the TX and RX antennas can be reduced by implementing

metal structures on the top layer of the package PCB. In this way, a high isolation is

achieved. Measurements done with a fully functional single-chip FMCW radar show

that the on-chip antenna has a 2-dBi gain and less than 3-dB ripple in the radiation

pattern. The measured RX-TX isolation is more than 30 dB in the 61 to 64 GHz band.
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Chapter four

High isolation PCB array antenna

integration
1

Summary

By using the second bandgap in mushroom EBG structures, a high isolation can be

achieved between transmitting (TX) and receiving (RX) microstrip array antennas in-

tegrated with a millimeter-wave single-chip FMCW radar. These EBG structures are

much easier to manufacture at millimeter waves as compared to first bandgap mushroom

EBG structures. In addition to improving isolation, the EBG structures are also used

to reduce radiation-pattern ripples caused by edge diffractions due to surface waves.

Experimental validation is performed on antenna level and on radar-system level. For

the system-level validation, the antenna arrays have been integrated with a single-chip

mm-wave FMCW radar using bond-wire interconnect technology. Measurement results

in the 57 – 64 GHz band show TX-RX isolation of 40 dB, which is 15 - 20 dB better

than the isolation between TX and RX arrays without EBG structures. In addition,

the radiation pattern ripple caused by edge diffraction is reduced below 3 dB.

1The work presented in this chapter was published as a journal paper [12], and included here in its
entirety without any change.
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4.1 Introduction

Mm-wave radar sensors have a huge market potential in many short- and medium-range

civilian applications, including autonomous cars and driver-assistance systems. The pre-

dicted market for radar in automotive applications runs into multi-billion dollars [52]. To

be competitive in the market, the sensors are required to be low-cost, low power consum-

ing, small in size, and provide reliable performance in various environmental conditions.

Nowadays, with single-chip mm-wave frequency-modulated continuous-wave (FMCW)

radars integrated in (Bi)CMOS technology, many of these requirements can be met

[5, 19, 26, 27]. Furthermore, due to the availability of a large instantaneous frequency

bandwidth at mm-waves, the radar provides a better range resolution as compared to

microwave radars. For example, the license-free 60 GHz frequency band offers at least

7 GHz bandwidth, which corresponds to a range resolution of 2.1 cm [1, 4]. Antenna

integration technologies for low-cost single-chip mm-wave radars include on-chip, in-

package, and PCB antennas. Each of these integration approaches has its advantages

and disadvantages. On-chip antennas are directly integrated with front-end circuits on

a silicon die. Hence, they are low-cost compared to the other two approaches. However,

due to the high ohmic losses in the silicon bulk material, on-chip antennas provide low

radiation efficiencies [13, 18, 34]. In-package antennas provide high radiation efficien-

cies with increased integration cost [13]. For medium-range radars that require a higher

antenna gain, a PCB technology is preferred. Though it comes at an increased cost, the

PCB substrate provides flexibility to design various types of antennas including array

antennas with application-specific radiation patterns. Integration of the PCB antenna

with the on-chip front-end circuit can be done by applying bond-wire interconnect tech-

nology [53, 54]. In this way, the assembly costs can be minimized. In addition to a

specific antenna concept, FMCW radars require a high isolation between transmitting

(TX) and receiving (RX) antennas [1, 22]. Otherwise, the TX leakage phase noise

causes noise-figure degradation on the entire radar frequency band of the radar [22, 23].

Furthermore, accurate signal processing algorithms require ripples in the antenna pat-

tern to be minimized. In printed antennas, such as microstrip patch antennas, surface

waves are the main cause for poor isolation and ripples in the radiation pattern [55].

In these planar antenna technologies, various kinds of electromagnetic bandgap (EBG)

structures, such as mushroom and uni-planar structures, have been investigated in the

literature to suppress surface waves and to improve isolation between antennas [24, 56–

59]. The work demonstrated in [58] shows that the coupling between two patch antennas

is reduced from -17 dB to -25 dB by inclusion of mushroom EBG structures between two

adjacent antennas. Similar mushroom EBG concept for improving isolation is presented

in [60]. These studies focus on frequencies far below those of mm-waves. Though the

mushroom EBG structures can be scaled to mm-waves, the dimensions become small,

and manufacturability becomes a serious issue. Using uni-planar EBG structures, this
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problem can be solved. However, the uni-planar EBG structures typically provide a

much narrower bandwidth as compared to mushroom EBG structures [60].

In this chapter, we will investigate the second bandgap in conventional mushroom

EBG structures (CM-EBG with 2nd bandgap) for increasing the isolation between mm-

wave TX and RX antennas and to reduce edge-diffraction effects on the radiation char-

acteristics. The width of the square patch of the second bandgap EBG structures is half

a wavelength in the effective medium, hence, manufacturability becomes less of an issue

at mm-waves. Furthermore, the vias can be removed as the bandgap occurs due to the

capacitive nature of the structures. In this paper the EBG structures without via are

called via-less conventional mushroom EBG (via-less CM-EBG). These EBG further

simplify the manufacturability. The two EBG structures are compared with the first

bandgap mushroom EBG structures (CM-EBG with 1st bandgap). All EBG structures

show wideband frequency characteristics. The CM-EBG with 1st bandgap provides a

narrower beamwidth than the other two. The work also presents system-level experi-

mental results of a single-chip BiCMOS FMCW radar integrated with the TX and RX

array antennas with EBG structures. Though the EBG structures are analyzed for any

mm-wave application, for the experimental validation we have used the 60 GHz band.

In summary, the contributions in this work are:

• investigation of three different types of EBG structures for mm-wave applications,

• optimized design and implementation of the second bandgap EBG structures to

increase TX-RX isolation to 40 dB in the 57 – 64 GHz band,

• system-level experimental verification with a complete FMCW prototype.

4.2 Transmitter phase noise effect in FMCW radar

Unlike pulsed radar, FMCW radars transmit and receive simultaneously. As a result,

part of the transmitted signal leaks into the receiving circuit and causes receiver satu-

ration and noise-figure degradation. Because of the phase noise of the leakage signal,

degradation in noise figure occurs in the entire radar frequency band [22, 23]. The

leakage enters the receiving circuit in various ways. In a single-antenna system, it oc-

curs through the circulator and through antenna reflections due to imperfect isolation

and impedance matching. The leakage can be reduced by using separate antennas for

transmission and reception. However, because of the limited TX-RX antenna isolation,

the leakage can still enter the receiving circuit through mutual coupling between the

RX and TX antenna, see Fig. 4.1.
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Table 4.1. Comparison of active and passive leakage cancellation techniques in
FMCW radar

Passive circuit Active circuit Remark

no power dissipation power dissipation for active circuit amplification
(VCO coupled) or attenuation
(PA coupled) is needed

robust requires calibration
with programmable
settings

programmable settings are neces-
sary to guarantee phase and am-
plitude match for leakage cancel-
lation

mostly outside RF cir-
cuits

RF routing is required
on the chip

for integrated circuits on silicon,
the routing requires 30/50 µm
wide transmission lines

wideband wideband requires
multiple settings

multiple settings are required
since the amplitude and phase
varies over frequency

e.g.: EBG structures e.g.: vector modulator
[23]

implementation of wideband vec-
tor modulators is difficult

PA 

LNA 
 
 
 
 

RX antenna 

TX antenna 

Mixer IF filter ADC 

VCO + PLL leakage 

Figure 4.1. A simplified block diagram of FMCW radar showing a transmitter leakage
into a receiving circuit through mutual coupling between antennas. It includes a power
amplifier (PA), low-noise amplifier (LNA), voltage-controlled oscillator (VCO+PLL),
mixer, IF filter and analog-to-digital converter (ADC).
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The TX leakage signal can be further reduced by improving the isolation with pas-

sive electromagnetic structures or by using some form of active cancellation technique.

For example, active circuit cancellation can be achieved by using a vector modulator

[23]. Passive cancellation can be realized with EBG structures [24]. Both techniques

have their advantages and disadvantages. A comparison of the two techniques is pro-

vided in Table 4.1. Both techniques can provide high isolation with wideband frequency

characteristics. However, the benefit of passive over active techniques is that passive

circuits do not consume power and the structures are implemented outside the chip.

On the other hand, active cancellation circuits are implemented on a chip with the

front-end circuit and might take a large silicon area and much processing power. Ac-

tive cancellation for wideband operation is challenging, due to the frequency-dependent

nature of the TX-RX isolation. Therefore, the preferred strategy is to first minimize

the TX-RX coupling by applying passive concepts. When required, the effect of the

remaining signal leakage can be reduced further by applying active cancellation.

4.3 Improved isolation with EBG structures

EBG structures have frequency bandgaps that suppress the propagation of surface

waves. They are compatible with planar antenna technologies. We will compare three

kinds of EBG structures for improving the isolation between TX and RX antennas and

for reducing radiation-pattern ripples. The design focuses on the 60 GHz band in which

a bandwidth up to 7 GHz is available. To fulfill this bandwidth requirement, we have

selected the aperture-coupled microstrip antenna (ACMA) for our design [15, 16, 61, 62].

4.3.1 Mutual coupling between microstrip patch antennas

Mutual coupling between microstrip antennas is analyzed in detail in [17, 55]. The

mutual coupling is mainly caused by space waves and surface waves. As these waves

propagate away from the radiating patch, their field strength decreases as a function

of distance. The field strength of the space waves is inversely proportional to the

distance, whereas that of the surface wave is inversely proportional to the square root

of the distance. Hence, the strongest coupling in microstrip antennas spaced at least

half a wavelength apart is typically caused by surface waves. The dominant modes of

coupling in the E- and H-plane of the antenna are different. The TM0 mode is the

dominant source of coupling between two microstrip antennas printed side-by-side in

the E-plane direction, since it is excited at the E-plane edges of the patch. In the

H-plane direction, the coupling is dominated by the TE1 mode. As the separation

distance between the patches increases beyond half a wavelength, the H-plane coupling
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reduces significantly while the E-plane changes less significantly. Using a model shown

in Fig. 4.2 we simulated the E- and H-plane coupling between two aperture coupled

microstrip antennas (ACMAs) as a function of spacing, ds, at 60 GHz. The spacing

ds is varied from 0.3λ0 and 3.2λ0 (λ0 = 5 mm is a free space wavelength at 60 GHz).

Simulation results are shown in Fig. 4.3. The mutual coupling in both planes can be

reduced using EBG structures. However, in our work we will focus on reducing E-plane

coupling, since it is the strongest and the most problematic one.

ds 

Wg 

Lg ds 

(a) (b) 

Figure 4.2. Simulation models of two ACMA antennas printed side-by-side for mutual
coupling analysis in, (a) E-plane direction, (b) H-plane direction.
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Figure 4.3. Simulated mutual coupling between two ACMA radiators printed side by
side in E-plane direction and H-plane direction.

In addition to the coupling between microstrip antennas, the surface waves are

diffracted at the edge of the ground plane and cause ripples to appear in the radiation
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pattern of the antennas. Strong ripples and deep nulls could cause blind spots for

radars. To reduce nulls and ripples in the radiation pattern, EBG structures with first

and second bandgap are analyzed in this paper. Although EBG structures appear to be

very effective in reducing surface-wave effects in microstrip antennas, other techniques

are also reported in literature, e.g. [63].

4.3.2 First- and second-order bandgap in EBG structures

Mushroom EBG structures operating at the first bandgap (CM-EBG with 1st bandgap)

have been analyzed in detail in [24, 56, 57]. For a given frequency f0 and substrate

thickness h, the first-order approximation of the dimensions of the square patch of the

mushroom EBG structures is calculated from the following three equations:

f0 =
1

2π
√
LC

, (4.1)

L = µrµ0h, (4.2)

C =
wε0(εr + 1)

π
cosh−1 (

w + g

g
), (4.3)

where L and C are the sheet inductance and capacitance, respectively, ε0 and µ0 are

the free space permittivity and permeability, respectively, εr1 and µr1 are the relative

permittivity and relative permeability of the substrate material, respectively, w is the

width of the square patch of the EBG, and g is a gap between the square patches. In

the design the value of the gap g is chosen, for example 0.1 mm, and other parameters

are calculated. The fractional bandwidth of the EBG is estimated by [24, 56, 57]:

BW = 2πf0h
√
µ0ε0 =

2πh

λ0

, (4.4)

where λ0 is the free space wavelength. At 60 GHz, the calculated width for a square

patch of the mushroom EBG structure is w = 0.44 mm. In our substrate technology,

the smallest via diameter is 0.15 mm. For this via diameter, the width of the square

patch of the EBG should be at least 0.35 mm. Therefore, the required patch dimensions

are at the limit of the substrate technology, causing potential manufacturing problems.

In addition, scaling our design to higher millimeter-waves (for example to 79 GHz

automotive radar) would not be possible. The manufacturability problem can be solved

by using the second bandgap mushroom EBG structures (CM-EBG with 2nd bandgap).
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The width of the square patch of these EBG structure is given by [24]:

w =
λ0

2π
√
εeff

, (4.5)

where λ0 is the free-space wavelength, and εeff the effective permittivity of the substrate

and surrounding material, which is assumed to be free space. From Eq. (4.5), we can

observe that the bandgap occurs when the width w of the square patch of the EBG is

half a wavelength in the effective medium. It also provides wideband characteristics.

Similar to the first bandgap EBG, the bandwidth depends on the height. However, a

simple analytical expression is not available. The bandgap in these mushroom EBG

structures is due to the capacitive nature of the structure between the patch and the

ground plane. The calculated width of the EBG element is w = 1.45 mm at 60 GHz.

Therefore, manufacturability is not a problem and this concept can also be easily scaled

to higher mm-wave frequencies. Furthermore, because of the capacitive nature of the

structures, the vias can be removed without affecting the second bandgap. However, the

first bandgap no longer exists. In this paper, the EBG structures without vias are called

via-less conventional mushroom (via-less CM-EBG). The three types of EBG structures

have been investigated in more detail using CST microwave studio [44]. Since Eq. (4.1),

Eq. (4.2), and Eq. (4.3) only provide first-order approximations, a full-wave simulation

model is used to obtain an accurate estimation of the dimensions at 60 GHz. The

resulting dimensions from the full-wave simulation are 0.425 mm for the first bandgap

and 1.25 mm for the second bandgap. The simulation models are shown in Fig. 4.4.

Their respective simulated bandgaps (dispersion diagrams) are shown in Fig. 4.5, 4.6,

and 4.7. The dispersion diagrams that include six modes starting from TM0 were

simulated over the irreducible Brillouin zone, -X, X-M and M- [64]. All EBG types

have bandgaps at 60 GHz with wideband frequency characteristics. From Fig. 4.6 it can

be seen that the mushroom EBG with half-wavelength dimension has two bandgaps;

the first bandgap below the design frequency and the second bandgap centered at 60

GHz. With the removal of the vias, the first bandgap no longer exists, see Fig. 4.7.
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Figure 4.4. Three EBG structures with bandgap center at 60 GHz, (a) conven-
tional mushroom EBG structure with a first bandgap, (b) conventional mushroom
EBG structure with a second bandgap, and (c) via-less conventional mushroom EBG
structure with a first bandgap.

4.3.3 Mutual coupling reduction and surface-wave suppression

We investigated the three EBG structures to improve the TX-RX isolation and reduce

the effect of edge diffraction on the radiation characteristics of the antennas. The in-

vestigation focuses on the E-plane direction since in this plane the coupling is most

severe. In addition, diffraction effects are the most significant in this plane. The di-

mensions of each periodic element are determined as described in Section 4.3.2. The

final dimensions are optimized with a full-wave solver, see Fig. 4.8. The EBG structures

are placed between two ACMAs to improve isolation, and in addition, in the outer E-

plane edge of two ACMAs to reduce edge-diffractions. Fig. 4.8 (a) - (d) show the four

configurations that were used in our investigation: a) without EBG structures, b) a

conventional mushroom EBG structure with a first bandgap, c) a conventional mush-

room EBG structure with a second bandgap, and d) a via-less conventional mushroom

EBG with a first bandgap. The distance ds = 15 mm between the ACMA antennas is

chosen in such a way that it is identical to the final TX and RX array configuration

integrated with the single-chip FMCW radar (see Fig. 4.19). The gap g between the

periodic elements of the EBG structures and the distance g from the EBG to the edge

of the ACMA antenna have an effect on both isolation and edge diffraction, which is

explored in Section 4.3.4 in more detail by applying a parametric sweep. In this Section,
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Figure 4.5. Dispersion diagram showing a first bandgap at 60 GHz for the conven-
tional mushroom EBG structure of Fig. 4.4(a). Six modes are included.
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Figure 4.6. Dispersion diagram showing a first- and second bandgap for the conven-
tional mushroom EBG structure of Fig. 4.4(b). Six modes are included.
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Figure 4.7. Dispersion diagram showing a first bandgap for the via-less conventional
EBG structure of Fig. 4.4(c). Six modes are included.
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w = 0.425 mm,  
g = 0.1 mm 
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g = 0.4 mm 

w = 1.25 mm,  
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Figure 4.8. Layout of various configurations that are used to investigate the isolation
and edge-diffraction effect between two ACMA radiators, (a) without EBG structures,
(b) with a conventional mushroom EBG structure with a first bandgap, (c) with a
conventional mushroom EBG structure with a second bandgap, (d) with a via-less
conventional EBG structure with a first bandgap.

we used the parameter values that provide the best performance in terms of isolation

and edge-diffraction reduction. The values are d = 1.25 mm and g = 0.1 mm for the

first bandgap and g = 0.4 mm for the second bandgap, see Fig. 4.8 (b) (d).
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Figure 4.9. Simulated mutual coupling for between two ACMA radiators for the four
configurations shown in Fig. 4.8
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Figure 4.10. Simulated radiation patterns in E-plane (left-hand side) and H-plane
(right-hand side) of ACMA radiator for the four configurations shown in Fig. 4.8, (a)
and (b) at 57 GHz, (c) and (d) at 60 GHz, and (e) and (f) at 64 GHz.
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The simulation results for all four scenarios are shown in Fig. 4.9 and Fig. 4.10. We

can observe that the configuration with a conventional mushroom EBG structure with a

second bandgap and the via-less conventional mushroom EBG structure provide 15 dB

better isolation than the configuration without EBG structures in the frequency band 55

65 GHz. The best isolation is achieved using the conventional mushroom EBG structures

with a first bandgap. This is due to the fact that four rows are used in the first bandgap

EBG (see Fig. 4.8(b)), which provides a bandgap performance which is closer to the

infinite periodic structure result of Fig. 4.5 as compared to the two-row second bandgap

EBG of Fig. 4.8(c) - (d). Therefore, the isolation obtained with the second bandgap

EBG structures could be further improved by adding more rows. However, using only

two rows already provides the required 40 dB isolation between both antennas. The

ripples caused by edge diffraction are significantly suppressed in all three cases in which

EBG structures are used. The conventional mushroom with first bandgap provides

the best isolation and ripple-free radiation pattern. The second bandgap mushroom

EBG structure provides slightly better performance than the via-less EBG structure.

The impedance bandwidth in the isolation plots in Fig. 4.9 of the second bandgap

EBG structures appear to be wider as expected. However, the bandwidth is limited in

accordance with Fig. 4-5, due to ripples and deep nulls that appear in the radiation

pattern of the ACMA antennas outside the 57 – 64 GHz band. Since the second bandgap

EBG structures and its via-less version are easy to manufacture, we will use it in our

final design.

4.3.4 Parametric analysis of second bandgap EBG structures

The bandgap properties not only depend on the width of the mushroom EBG structures,

but also on the gap g and distance d, see Fig. 4.8. These two parameters are investigated

for a second bandgap conventional mushroom EBG structure in more detail using the

model of Fig. 4.8(c). The corresponding simulation results are shown in Fig. 4.11 and

Fig. 4.12. Changing the gap g from 0.2 mm to 0.8 mm has a negligible effect on the

coupling between the ACMAs. However, varying the distance d from 0.5 mm to 1.5 mm

affects the coupling between antennas. The closer the EBG structures to the antennas,

the larger the effect on the impedance matching of the antenna. However, at large

distances the ripples in the radiation pattern become severe because of the interference

of the space waves with the reflected surface waves from the EBG structures. Therefore,

d = 1.25 mm is chosen as the most suitable value for the final design.
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Figure 4.11. Simulated scattering parameter showing the effect of the gap g between
the mushroom EBG structure with second bandgap.
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Figure 4.12. Simulated scattering parameter showing the effect of distance d between
the ACMA antenna and the mushroom EBG structure with second bandgap.

4.4 Antenna integration with mm-wave FMCW radar

4.4.1 Array design

The key antenna-related requirements for a medium-range mm-wave FMCW radar are

summarized in Table 4.2. The mm-wave FMCW radar operates in the license-free 60
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GHz band in which a bandwidth of 7 GHz is available for radar use. To reduce direction-

of-arrival errors and to avoid blind spots in radar detection, ripples in the radiation

pattern should be minimized. To reduce range-performance degradation of the receiving

circuit due to leakage from the transmitter, the isolation between the TX and RX

channels should be as high as possible, at least 40 dB. The target application of the radar

is car-park assist that requires a fan beam radiation pattern with 12◦ beamwidth. To

Table 4.2. Antenna-related requirements of a mm-wave medium-range FMCW radar

bandwidth 7 GHz (57 - 64 GHz)
isolation TX-RX 40 dB
ripple in radiation patterns < 3 dB
input reflection coefficient < -10 dB
radiation pattern fan beam
3 dB beamwidth 12 ◦

achieve the desired beamwidth of 12◦, we use an array of eight ACMAs. The geometry

of the array is shown in Fig. 4.13. A series feeding network is used to keep the array size

as compact as possible [65]. This type feeding network in arrays cause beam squinting

with frequency. The problem is solved by feeding the array symmetrically from the

center. The disadvantage of this feed network over the conventional corporate feed

network is that the side-lobe level increases as the frequency deviates from the center

frequency [65]. To compensate for these effects, we implemented a Dolph-Tschebyscheff

amplitude tapering [17, 65]. The substrate material for both the antenna and the feed

is Rogers 4350B with εr = 3.55 and tanδ= 0.0027 [46]. The thickness of the patch

substrate is 0.419 mm and that of the feed line is 0.1 mm. The slot length is 1.1 mm

and slot width is 0.1 mm. The length of the patch is 0.95 mm and the width of the

patch is 1.5 times the length. The length and width of the patch and slot are optimized

to achieve a bandwidth of at least 10 GHz centered around 60 GHz. The length of the

open-end-side of the microstrip line from the center of the slot is adjusted to improve

impedance matching. To achieve the required amplitude tapering, quarter-wavelength

transformers are used. The spacing between the ACMA elements is one wavelength

at the center frequency in the effective medium. The simulation results of the ACMA

array are shown in Fig. 4.14. As expected, a deterioration of the sidelobe level of

the array is observed when moving away from the center frequency. There are almost

no ripples in the radiation pattern, since we used a small ground plane and a small

substrate dimension in the E-plane. The distance from the edge of the ground plane to

the antenna edge is 0.75λ0.



68 4 High isolation PCB array antenna integration

Substrate 

Ground plane 

Substrate 

Slot 

Feed  

Patch 

Feed network 

(a) 

(b) 

Figure 4.13. Geometry of a series-fed aperture coupled microstrip antenna (ACMA)
array, (a) an ACMA element, (b) a complete ACMA array with a feed network.
Design guides for the ACMA antenna can be found in [17, 65].
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Figure 4.14. Radiation pattern simulation results of a series-fed aperture coupled
microstrip antenna array, with narrow beamwidth in H-plane and wide beamwidth in
E-plane.
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4.4.2 Array integration with bond-wire

At mm-waves, bond-wire transitions from on-chip front-end circuits to the antenna on

a PCB result in a high impedance mismatch. The mismatch depends on the bond-

wire length, the pitch size (the gap between bond-pads) and the material in which the

bond-wire is embedded. Having short wire lengths and small pitch dimensions can

reduce the impedance mismatch, however, this is not always possible because of man-

ufacturing limitations. To compensate the impedance mismatch of a ground-signal-

ground bond-wire transition at mm-waves, we used a series transmission-line section.

In addition, the bond-wire and compensating circuit are embedded in a plastic mold

(epoxy). The epoxy material is commonly used in IC-packaging technology to protect

the IC and the bond-wires from mechanical and environmental damages. Embedding

the bond-wire in epoxy reduces the characteristic impedance of the bond-wire. The

lower characteristic impedance of the bond-wire can be explained if we approximate

the ground-signal-ground bond-wire as a coplanar transmission-line of which the char-

acteristic impedance has an inverse relationship with the square root of the effective

permittivity [63]. Without the epoxy, the compensating circuit may require unrealiz-

able transmission-line dimensions to match the large impedance difference caused by

the bond-wire transition from the on-chip 50 Ohm bond-pads. Further, embedding the

compensating series transmission-line section in an epoxy shortens the required line

length. The loss contribution of the epoxy is negligible since its dielectric loss tangent,

tanδ = 0.012.

dgap 

Silicon 

PCB substrate 

LCPW 

WCPW 

Ground plane 

(a) 

(b) 

Epoxy 

SCPW 

dgap 

50 Ohm port 

Figure 4.15. A ground-signal-ground bond-wire transition from an IC to a package
with a compensating series transmission-line section, (a) top view (b) side view. PCB
material is Rogers 4350B.
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Using the simulation model of Fig. 4.15, we optimized the dimensions of the com-

pensating series coplanar transmission-line section. In the model, an IC with a silicon

substrate with thickness of 0.2 mm is mounted on a PCB substrate. The height of the

bond-wire above the silicon substrate is 0.2 mm, and horizontally, the bond-wire lands

on a PCB at dgap = 0.5 mm from the silicon substrate. The dgap and height of the

bond-wire are chosen in such a way that they comply with standard bond-wire assem-

bly technologies. The width of the signal line of the series transmission-line section is

WCPW = 0.1 mm. The length of the series transmission-line section is determined from

the fact that the total length of the bond-wire and the series transmission-line section

should be half a wavelength in the effective medium. Without the epoxy the series

section length is LCPW = 0.889 mm and with epoxy it is LCPW = 0.489 mm. After

the determination of the length of the series section, the gap SCPW between the signal

line and the ground is optimized for low insertion loss and better matching. Fig. 4.16

and 4.17 show the S-parameter simulation results for various line gap SCPW values

of the compensating circuit with and without epoxy. To understand the effect of the

lossy silicon substrate, a simulation was performed for both lossy and lossless silicon

substrates. The achieved optimal insertion loss value is 0.18 dB in the frequency range

of 57 – 64 GHz and is obtained with epoxy with SCPW = 0.18 mm. For the lossy silicon

substrate (20 Ω · cm) the insertion loss is 0.33 dB.
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Figure 4.16. Simulated S11 for various line gap SCPW values of the compensating
series transmission-line section of the ground-signal-ground bond-wire transition from
an IC to a PCB circuit with and without the epoxy material.
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Figure 4.17. Simulated transmission coefficient S21 for various line gap SCPW values
of the compensating series transmission-line section of the ground-signal-ground bond-
wire transition from an IC to a PCB circuit with and without the epoxy material.

(a) (b) 

Figure 4.18. A prototype to measure the radiation pattern and isolation between
an eight-element ACMA array and a single ACMA radiator with EBG structures
implemented between and at the outer E-plane edge of the antennas, (a) layout used
in the simulation model, (b) a prototype with connectors used for measurement with
a network analyzer.

4.5 Experimental verification

We experimentally verified the performance of the second bandgap in a conventional

mushroom EBG structure by measuring isolation and radiation pattern of the array an-

tennas. Measurements were performed on antenna-level with a vector network analyzer
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Figure 4.19. Photograph of the complete 60 GHz radar module with PCB antenna
arrays, one transmitting array (on the right hand side) and two receiving arrays (on
the left hand side), integrated with a single-chip radar IC using a bond-wire transition.
The IC is mounted at the back side of the PCB.

using the prototype of Fig. 4.18, and on system-level with the complete integrated radar

system of Fig. 4.19. In Both prototypes we used the same substrate as used in Fig. 4.13

and the same EBG dimensions as used in Fig. 4.8(c). However, a few modifications

have been made to accommodate all the components required for the measurements

and integration in the radar module. The first prototype shown in Fig. 4.18 includes a

single antenna and an eight-element antenna array antenna with EBG structures. The

EBG dimensions and the distance from the antenna to the EBG are the same as de-

scribed in Section 4.3. However, the distance between the single antenna and the array

is 6.4 mm in this case. The spacing was reduced to fit RF connectors on the PCB with

antennas, see Fig. 4.18(b). Because of the small spacing we used only two rows of EBGs

between the TX and RX antennas. With this prototype, S-parameters and radiation

pattern were measured directly at the antenna ports. The second prototype shown in

Fig. 4.19 is a complete single-chip mm-wave FCMW radar system including TX and RX

arrays with EBG structures. In this prototype all the dimensions and antenna spacing

are according to the design recommendations of Section 4.3 and of the array shown in

Fig. 4.13. The only change is that there is an additional interconnect ground plane

on the top layer of the PCB between the TX and RX array. Using this prototype we

measured isolation and range profile of the radar. The radar IC is mounted on the back

side of the PCB. The arrays are integrated with the single-chip radar using bond-wire

interconnect technology. To compensate for the impedance mismatch of the bond-wire

transition, a special compensating series transmission line section was used in a PCB,

see also [54].
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4.5.1 Radiation pattern

For the radiation-pattern measurement, the prototype as shown in Fig. 4.18 was used.

We measured the radiation pattern of the linear ACMA array using the mm-wave

far-field anechoic chamber of [51]. Measurements were performed for prototypes with

and without the EBG structures. The measurement system was calibrated using two

standard-gain horn antennas. After calibration, the receiving horn antenna was replaced

by our antenna array prototype. The measured and simulated radiation patterns are

shown in Fig. 4.20 for three different frequencies for both the E- and H-plane of the

array. The measured antenna gain is about 12 dBi at 60 GHz and is slightly lower at

57 GHz and 64 GHz. The side-lobe level in the H-plane is the lowest at 61 GHz and

gradually gets higher at 57 GHz and 64 GHz, the highest being at 57 GHz with a level

of -9 dB with respect to the main beam. From the comparison of the array with and

without the second bandgap EBG structures, it is clear that the EBG structure reduces

edge diffraction. As a consequence, the ripples in the radiation pattern are reduced to a

level below 3 dB. Towards the direction angle = -90 and +90 there is a slight difference

between measured and simulated results. This is caused by the relatively large RF con-

nector blocking the direct line-of-sight between the horn antenna of the measurement

setup and the antenna-under-test.
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Figure 4.20. Measured and simulated E- and H-plane radiation patterns of the TX
antenna array with EBG structures with wide beamwidth in E-plane and narrow
beamwidth in H-plane, (a) at 57 GHz, (b) at 61 GHz, and (c) at 64 GHz.
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4.5.2 Isolation

To measure the TX-RX isolation, we used both prototypes shown in Fig. 4.18 and

Fig. 4.19. With the former prototype, a direct S-parameter measurement was performed

at the antenna ports using connectors. With the latter, the TX-RX isolation was
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Figure 4.21. Measured and simulated TX-RX isolation between an eight-element
ACMA array and a single patch antenna placed at 8 mm distance apart with and
without EBG structures, see photo Fig. 4.18
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Figure 4.22. Measured and simulated TX-RX isolation between a TX and RX ACMA
array of the complete FMCW radar module with isolation improving EBG structures,
see photo Fig. 4.19
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determined from a system-level measurement by using a complete FMCW radar system.

The isolation was estimated using the technique presented in previously reported work,

i.e. [5]. For the prototype of Fig. 4.18, the measured RF isolation between an eight-

element ACMA array and a single patch antenna with and without the second bandgap

EBG structures is shown in Fig. 4.21. For comparison, the simulation results are also

included. The use of the EBG structures provides an additional 10 dB and 5 dB

isolation for the frequency ranges 60 64 GHz and 57 - 60 GHz, respectively. There

is a discrepancy between the measured and simulated results below 54 GHz for the

prototype with EBG and above 66 GHz for the prototype without EBG. The dominant

cause of the discrepancy is the connectors used in our measurement. Due to their

large dimensions and many details they are very difficult to model accurately. In these

prototypes the isolation is not as high as predicted in Section 4.3, due to the fact

that we only used one two-row EBG structure between the TX and RX antennas.

This modification was avoided in the final array integrated with the single-chip FMCW

radar, see Fig. 4.19. For this prototype, a system-level measurement was performed

to determine the isolation. The measurement result with EBG structures is shown in

Fig. 4.22. For comparison, we included the simulation results of the radar with and

without EBG. Due to cost of production and limited availability of ICs we did not

have prototypes of the complete radar without EBG structures available. However,

since the direct isolation measurement (see Fig. 4.21) at the antenna ports show a good

correspondence between simulation and measurement, we do not expect a significant

deviation from the simulated result. From the results we observe that at least 40 dB

isolation for the frequency range 57 - 64 GHz. This result is on average 15 dB better

for frequencies below 60 GHz and 20 dB better above 60 GHz in comparison with the

isolation of a radar module without EBG structures.

4.5.3 Bondwire impedance matching

An experimental test structure of a bond-wire transition from the on-chip front-end

circuit to the PCB circuit was manufactured and experimentally verified to determine

the impedance matching properties of this transition. A photograph of the prototype

is shown in Fig. 4.23. In this prototype, the bond-wire transition interconnects an on-

chip transmit circuit with a transmission-line on a PCB. The IC, the bond-wire and

the compensating series coplanar transmission line section are embedded in an epoxy.

Inside the epoxy, the series coplanar transmission line is transitioned to a 50 Ω microstrip

line and is extended outside the epoxy by 15 mm for measurement. Using a ground-

signal-ground probe and a network analyzer we measured the reflection coefficient. The

insertion loss could not be measured as it is impossible to directly probe from the chip

side. The measurement result is shown in Fig. 4.24. We observe that from 58 to 67
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GHz the measured reflection coefficient is below -10 dB. Below 58 GHz, the matching

gets slightly worse.

Figure 4.23. An experimental test structure to test the bond-wire transition from a
60 GHz IC to a 50 ohm transmission line on a PCB.
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Figure 4.24. Measured reflection coefficient of a transmit circuit with a bond-wire
transition from the IC to the PCB circuit. The measurement was done from the
bond-pads on the PCB.
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Figure 4.25. Radar resolution of the FMCW radar module of Fig. 4.19 as compared
to a FMCW radar with on-chip antennas [5]. The measurement shows two separate
peaks for the front- and back-side of the bottle and a strong reflection for the corner
reflector. A chirp with a bandwidth of 7 GHz is used.

4.5.4 System level measurement

We performed radar measurements with the complete FMCW radar using the prototype

shown in Fig. 4.19. The setup and measurement results are shown in Fig. 4.25. The

result shows a range measurement for a chirp signal with a bandwidth of 7 GHz (57

- 64 GHz), which results in a range resolution of 2.1 cm. For comparison, we also

included the measurement results from an FMCW radar with an on-chip antenna that

was reported in [5]. In both cases, due to the large instantaneous bandwidth, the radar

can detect the front- and back-side of a plastic bottle. Fig. 4.25 also shows a peak at 1.5

m, caused by a corner reflector. From this second peak, we can conclude that the array
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antenna provides 22 dB of improvement in signal power as compared to the on-chip

antenna. This is close to the expected value of 24 dB obtained from the difference of

the combined TX-RX PCB array gain and the combined on-chip TX-RX antenna gain.

4.6 Conclusion

We have investigated and implemented a conventional mushroom EBG structure with

a second bandgap for improving isolation between TX and RX antennas and reduce

radiation pattern ripples due to edge diffraction. An experimental verification was

performed for a complete millimeter-wave single-chip FMCW radar integrated with TX

and RX arrays incorporating the second bandgap EBG structures. Measurements were

performed at antenna level (radiation pattern and isolation) and system level (isolation).

For the frequency range from 57 to 64 GHz, measurement results show that the use of

the EBG structures provides a TX-RX isolation of 40 dB, which is 15 dB better for

frequencies below 60 GHz and 20 dB better above 60 GHz as compared to antenna

arrays without the EBG structures. Furthermore, the EBG structures suppress surface

waves and edge diffraction. The resulting ripples in the radiation pattern are reduced

to a level below 3 dB.



80 4 High isolation PCB array antenna integration



Chapter five

MIMO radar design with on on-chip

integrated antennas

Summary

A multiple input multiple output (MIMO) radar built up from several single-chip

frequency-modulated continuous-wave (FMCW) radar is presented. The single-chip

radar, which works in the 60 GHz frequency ISM band, is integrated with three on-chip

antennas: one transmitting and two receiving. A detailed explanation of the integra-

tion of the on-chip antennas for the single-chip radar is presented in Chapter 3. The

chip’s dimensions (7mm x 7mm) at 60 GHz are greater than one wavelength, hence,

the conventional regular array would cause grating lobes. To avoid these grating lobes

problems, a sparse-array configuration is utilized to achieve the so-called MIMO virtual

array without grating lobes. With fewer array elements, this configuration can provide

a large aperture for the radar that can be used in high angular resolution applications.

To develop the demonstrator we use 13 single-chip radars. Hence, there are in total 13

transmitting and 26 receiving on-chip antennas. The 13 chips are chosen as a compro-

mise between design complexity and achievable array antenna-aperture size with low

sidelobe level. For the MIMO system analysis we use three direction-of-arrival algo-

rithms introduced in Chapter 2, namely classical beamformer, Capon’s algorithm and

MUSIC.

81
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5.1 Introduction

The basic functions of a radar, such as range and velocity of objects, can be determined

by a simple radar with one antenna [1]. To perform more complex functions such

as determination of angular position of objects and imaging in three dimensions, a

radar system requires more than a single antenna. These complex radar functions

are necessary in some low-cost, short- to medium-range applications. For example,

localization of objects in the vicinity of a vehicle is a crucial aspect of autonomous

driving.

To measure angular position with high resolution, radars use large aperture antennas

such as reflectors, lenses, and array antennas [1]. Lens and reflector antennas are bulky

and they require mechanical movement for scanning, which makes them unsuitable for

a short-range and low-cost radar system design. On the other hand, radar systems with

array antennas with electronic beam steering provide fast scanning capability. However,

their cost depends on the type of array antennas employed in the radar. Conventional

dense phased-array radars use a large number of antenna elements to achieve a large

aperture, whereas MIMO radars can achieve the same aperture using fewer antenna

elements. This is due to the fact that in dense phased arrays the element spacing is

typically half a wavelength in free space (d = λ/2), while the average element spacing

in a MIMO array can be much larger than that [21, 66, 67]. Furthermore, sparse-

and thinned-array concepts can be employed to further reduce the number of antenna

elements. However, the benefit of reducing the number of antenna elements in MIMO

radar comes at the cost of performance degradation [20, 66].

To design a compact MIMO radar for low-cost consumer-market application, highly

integrated radar systems are preferable. Nowadays, advancement in silicon-based

BiCMOS integration technology allows for low-cost design of highly integrated single-

chip radars with small feature size. Further reduction in chip size is achieved by integrat-

ing antennas on-chip with the front-end circuit. However, the challenge in single-chip

integrated MIMO radar is that it cannot accommodate a large number of RF channels

because of a limited chip size. In [68] this problem is addressed by implementing a

MIMO radar with reconfigurable cells. The technique allows the radar to synthesize

12 virtual array channels using only four physical RF antennas. Another approach for

MIMO radar design is to use multiple single-chip radars either with on-chip antennas

or with off-chip antennas. This multi-chip MIMO radar can be designed using readily

available off-the-shelf radar transceivers. The use of transceivers with on-chip anten-

nas reduces the complexity and cost but also reduces the range of operation because

of low radiation efficiency of on-chip antennas. For short-range MIMO radar design,

the improvement made on the low radiation efficiency of on-chip antennas can be good

enough.
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In this chapter, a MIMO radar built up from several single-chip frequency-modulated

continuous-wave (FMCW) radars integrated with on-chip antennas is presented. The

single-chip radar circuit is manufactured in BiCMOS technology with one transmitting

and two receiving on-chip antennas. Furthermore, the sparse array concept is utilized

to increase the aperture of the MIMO radar and, hence, increase the radar resolution.

The synchronization of the transceiver units in the radar array is controlled through

waveform synthesis by means of implementing a digital synthesizer, which is digitally

controlled through an FPGA and provides reference signals to the radar chips.

5.2 Background on MIMO radar

MIMO radar, which has been intensively researched since the early 2000s, is a radar

concept that probes an environment with multiple independent signals transmitted from

several antennas [20, 21, 66, 67, 69–79]. At the receiver, the echo signals are disentan-

gled to produce a large number of independent signals that allows the radar processing

algorithms to resolve unknown targets with increased degrees of freedom. If the inde-

pendent signals used in MIMO radar have zero correlation, they are called orthogonal

waveforms [21, 66, 67, 69, 70]. A MIMO radar with orthogonal waveforms is known to

provide the largest virtual aperture [66, 78]. In some cases, a small correlation between

the waveforms is shown to improve target detection in MIMO radars [21, 66, 70]. In

this work we focus on MIMO radar with orthogonal waveforms since our goal is to

design a high-resolution low-cost MIMO radar for short- to medium-range consumer

applications.

5.2.1 Classification

As pointed out in Section 5.1, MIMO radar differs from phased-array radar in that it

transmits multiple orthogonal waveforms from multiple transmitting antennas, whereas

in phased-array radar a single waveform is transmitted from multiple antennas. How-

ever, not all MIMO radars are the same. Depending on their antenna configurations,

MIMO radars are classified in two broad categories: statistical MIMO radar and coher-

ent MIMO radar [66, 72, 73]. These different types of radar are shown in Fig. 5.1.

In a statistical MIMO radar, the transmitting antennas and receiving antennas are

widely separated. The target is seen by different aspect angles, providing independent

scattering responses, which result in uncorrelated radar cross sections (RCS). Because of

the uncorrelated RCS and wide separation between antennas, statistical MIMO radar

uses non-coherent processing. The technique is used to provide spatial diversity to
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Figure 5.1. Phased-array radar and two classes of MIMO radar where the two or-
thogonal waveforms from the two transmitters are indicated with the solid and dashed
arrows, (a) Phased-array radar, (b) coherent MIMO radar, (c) statistical MIMO radar.

reduce target-response fluctuations.

In coherent MIMO radar, also called collocated MIMO radar, the transmitting and

receiving antennas are collocated. In this type of radar system the target scattering

response is the same, i.e. the target is seen as a point target. As antennas are closely

spaced and the RCS of a target is correlated, coherent processing is mostly used. For this

type of radar, the transmitting and receiving arrays are either in monostatic or bistatic

configuration. In this case, sparse arrangement is possible within the transmitting and

receiving array. The advantages of coherent MIMO radar include:

• Increased aperture size. With N transmitting antennas and M receiving antennas,
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the MIMO radar can provide the same aperture size as a dense phased array with

N ×M elements spaced half a wavelength apart. Such arrays used for MIMO

radar are called virtual arrays, which are explained in Section 5.2.2.

• Reduced sidelobe level. If the positions of the virtual array elements are over-

lapping, the MIMO concept provides a reduced sidelobe level because of virtual

spatial tapering as will be shown in Section 5.2.2.

• Increased parameter identifiability. With a large aperture and increased virtual

array elements, the number of targets that can be detected and localized increases.

• Increased immunity from interception. This is because each transmitting antenna

transmits an omnidirectional orthogonal waveform with reduced spatial power

density.

• Flexibility for transmit beam-pattern design. Since MIMO allows us to flexibly

adapt the correlation between waveforms, it is possible to realize various trans-

mitted beam-pattern shapes. The beam-pattern shape optimization can improve

target detection.

5.2.2 Virtual array

In a MIMO radar, the concept of virtual array plays a pivotal role in the analysis of

the radar. Therefore, we briefly review its important points here [72, 73]. The basic

virtual-array concept of collocated MIMO radar is shown in Fig. 5.2. Two transmitting

antenna elements transmit orthogonal waveforms, which are shown in solid and dashed

lines with arrows pointing towards the target, and two receiving antennas intercept the

echoes, which are shown in solid and dashed lines with the arrows pointing towards

the antennas. The propagation time delay τ of one of the signals from one of the

transmitting antennas to a target and back to one of the receiving antennas is given by

τ = τt + τr, (5.1)

where τt is the transmit signal propagation time delay from the transmitting antenna

to the target and τr is the propagation time delay of the reflected signal from the target

to the receiving antenna.

In general, for M transmitting antennas and N receiving antennas there are in total

M×N propagation time delays denoted by the vector

τ =
[
(τt0 + τr0), (τt0 + τr1), . . . , (τt1 + τr0), (τt1 + τr1), . . . , (τt(M−1)

+ τr(N−1)
)
]T

(5.2)
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Figure 5.2. MIMO radar array antennas with two transmitting and two receiving
antennas. The two orthogonal signals transmitted from each transmitting antennas
are received by the two receiving antennas.

Assuming a plane-wave reception and non-dispersive propagation medium, the propa-

gation time delay can be replaced by a phase shift for narrow-band signals. With this

assumption, Eq. (5.1) and Eq. (5.2) in phase-shift form are written respectively as:

phase shift = −jk(dt + dr) sin θ, (5.3)

a(θ) =
[

exp{−jk(dt0 + dr0) sin θ}, exp{−jk(dt0 + dr1) sin θ}, . . . ,

exp{−jk(dtM−1
+ drN−1

) sin θ}
]
T , (5.4)

where dt0 , dt1 , . . . and dr0 , dr1 , . . . are the distances of the transmitting and receiving

antenna elements with respect to the origin of the array, respectively, and k is the free-

space propagation constant. Eq. (5.4) can further be written in a compact form as:

a(θ) = ar(θ)⊗ at(θ), (5.5)

where ⊗ is a Kronecker product, and ar(θ) and at(θ) are receiving and transmitting

array steering vectors and are given as:

ar(θ) =
[

exp{−jkdr0 sin θ}, exp{−jkdr1 sin θ}, . . . , exp{−jkdrN−1
sin θ}

]
T ,

at(θ) =
[

exp{−jkdt0 sin θ}, exp{−jkdt1 sin θ}, . . . , exp{−jkdtM−1
sin θ}

]
T .

Under the same assumption of plane-wave reception and non-dispersive propagation

medium and for narrow-band signals, the MIMO-radar concept shown in Fig. 5.2 can
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Figure 5.3. MIMO radar array antennas with two transmitting and two receiving
antennas. (a) The physical positions of the array elements, (b) the virtual-array
element positions.
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Figure 5.4. The radiation patterns of an array with two transmitting and three
receiving antennas together with the resulting radiation pattern of the virtual array.

be redrawn as shown in Fig. 5.3 (a). With the virtual array concept, it is constructed

as shown in Fig. 5.3 (b). For a regular half-wavelength spacing (d = λ/2) between the

antennas, the virtual array has also a regular half-wavelength spacing.
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In Fig. 5.4, the radiation pattern obtained from a case of two transmitting anten-

nas spaced half a wavelength (d = λ/2) apart and two receiving antennas spaced a

wavelength (d = λ) apart is shown. Note that a MIMO radar with orthogonal wave-

forms transmits omnidirectionally and beamforming is done after reception. As shown

in Fig. 5.4, either the transmitting or receiving arrays can have grating lobes but the

virtual array pattern should not have grating lobes. This leads to the possibility of

spacing antennas further than half a wavelength apart, resulting in a reduction in the

number of antenna elements required to achieve the same aperture size as a conventional

dense phased array.

In the spatial domain, the virtual-array positions can be constructed via convolution

of the transmitting array with the receiving array. To explain the concept, three different

linear transmitting and receiving arrays are used and the virtual arrays are constructed

as shown in Fig. 5.5. A large virtual aperture is obtained by either sparsely spacing

the transmitting array elements and closely spacing the receiving antenna elements.

The first two configurations in Fig. 5.5 show that with N transmitting antennas and

M receiving antennas, MIMO radar can provide the same aperture size as a dense

phased array with N × M elements spaced half a wavelength apart. In the case of

closely spaced transmitting array elements and closely spaced receiving array elements

the effective virtual aperture reduces. Some virtual elements in the array are placed

at overlapping positions. This leads to a reduced sidelobe level because of the virtual

array weighted spatial taper [66].
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Figure 5.5. Various linear virtual arrays constructed from transmitting and receiving
arrays with various array-element spacings. (a) Eight-element virtual array from
two transmitting and four receiving array elements, (b) twelve-element virtual array
from three transmitting and four receiving array elements, (c) twelve-element virtual
array with some overlapping elements constructed from three transmitting and four
receiving antenna elements.
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5.2.3 Signal model

The signal model of a phased array introduced in Chapter 2 contains only a single

waveform transmitted from all the array elements coherently. In MIMO radar, since

each transmitter transmits its own waveform, the total waveform transmitted is the sum

of all transmitted orthogonal waveforms and is given as [66, 72, 73]

M−1∑
m=0

exp [−jkdtm sin θ] sm(t), (5.6)

where sm(t) is an orthogonal signal transmitted from the mth transmitting antenna,

dtm is the distance of each transmitting antenna from the reference point. In vector

notation, the sum of the transmitted signals is given by

at(θ)
T s(t) =

M−1∑
m=0

exp [−jkdtm sin θ] sm(t), (5.7)

where .T is a vector transpose. The received signal vector v(t) for N receiving antennas

from a reflecting target located in the direction θ0 in the far-field region is

v(t) = ar(θ0)[at(θ0)]T sm(t) + n(t), (5.8)

where n(t) is the noise vector of the receiving circuits. For K targets, the reflected

signal at the input of receiving antenna is given by

v(t) =
K∑
`=1

ar(θ0)⊗ at(θ0)sm(t) + n(t). (5.9)

5.2.4 Direction-of-arrival estimation

We extend the analysis of the three direction-of-arrival estimation algorithms introduced

in Chapter 2 for phased arrays to MIMO radars. The algorithms are

1. Conventional beamformer

2. Capon’s algorithm

3. MUSIC beamformer

The average power of the received signal with spatial filtering coefficient w is given

by

P (w) = wHR̂w, (5.10)

where R̂ is a covariance matrix given by R̂ = 1
Q

V(t)V(t)H. For all three algorithms

the solution of the filtering coefficient in the phased-array case is given in Chapter 2.
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For MIMO with orthogonal signal transmission, the steering vector of a phased array is

replaced by the virtual-array steering vector. The power spectrum over θ for all three

algorithms is given by

Conventional beamformer:

P (θ) = [ar(θ)⊗ at(θ)]
H R̂[ar(θ)⊗ at(θ)]. (5.11)

Capon’s beamformer:

P (θ) =
1

[ar(θ)⊗ at(θ)]
H R̂

-1
[ar(θ)⊗ at(θ)]

. (5.12)

MUSIC beamformer:

P (θ) =
[ar(θ)⊗ at(θ)]

H[ar(θ)⊗ at(θ)]

[ar(θ)⊗ at(θ)]HÛnÛ
H

n [ar(θ)⊗ at(θ)]
, (5.13)

where Û contains the noise eigen vectors in the noise subspace. The performance of

the three algorithms for the array arrangement is shown in Fig. 5.6. The simulation

results show the targets located at the various angles in the far-field region. The MUSIC

algorithm shows the best performance, as expected. In the configuration the positions

of the RX and TX array elements of MIMO are optimized to have a dense virtual array

with spacing of λ/2.
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Figure 5.6. Direction-of-arrival estimation of far-field source signals with conventional
beamformer, Capon’s algorithm and the MUSIC beamformer in MIMO radar with
two transmitting and three receiving antennas.
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5.3 MIMO radar design using single-chip radars with
three on-chip antennas

The development of a MIMO radar using several single-chip radars integrated with one

transmitting and two receiving antennas is now presented. A detailed explanation of

the demonstrator build up using the chips with sparse-array configuration is included.

Also a short explanation on the single-chip radar is included.

5.3.1 Single-chip radar integrated with three on-chip antennas

A photograph of the single-chip radar integrated with one transmitting and two receiv-

ing antennas is shown in Fig. 5.7. Its dimensions are shown in Fig. 5.8. A detailed

explanation on the design and integration of the three on-chip integrated antennas is

given in Chapter 3. The two receiving antennas are placed a quarter wavelength apart

and the distance from transmitter to receiver is 2.1 mm. The size of the chip is 7 mm

by 7 mm, which is more than a wavelength at 60 GHz. The antennas are integrated

on-chip with the front-end circuits that includes a low-noise amplifier, a power amplifier,

a mixer and a voltage-controlled oscillator.

5.3.2 Optimal sparse-array configuration

Since the size of the chip is larger than a wavelength, the minimum spacing between two

antennas is larger than a free-space wavelength, which is 5 mm at 60 GHz. Practically,

the achievable minimum spacing between the antennas is much more than that because

an extra gap is needed for implementation of interconnects between chips mounted on

a printed-circuit board. With the inclusion of the gap, the minimum spacing between

two transmitting antennas is 11.8 mm and the minimum distance between the receiving

antennas on two different chips is 10.8 mm. As this minimum spacing is larger than

a wavelength, regular periodic spacing between the chips creates grating lobes in the

radiation pattern, which causes ambiguities in the radar measurements. The grating

lobes can be avoided by using a sparse configuration. However, without the possibility

of placing some array elements closer to each other, e.g. half a wavelength apart, that

is used as a baseline in a sparse array configuration, the sidelobe levels become higher

than that of the conventional phased arrays. To overcome this problem, we use two

linear arrays with a sparse array configuration placed in staggered positions next to

each other, as shown in Fig. 5.9.

For this configuration, in total 13 chips, six in one row and seven in the second
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Figure 5.7. 60 GHz single-chip radar integrated with one transmitting and two re-
ceiving antennas.
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Figure 5.8. Dimensions of the 60 GHz single-chip radar integrated with one trans-
mitting and two receiving antennas.
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Figure 5.9. Multi-chip MIMO-radar array designed with optimal sparse-array con-
figuration of the single-chip radars.
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Table 5.1. The x and y-coordinates of the optimal center positions of the chips for
the MIMO radar demonstrator design with multiple chips.

chip number x position y position unit

1 0 6 mm
2 5.6 -6 mm
3 11.8 6 mm
4 17.4 -6 mm
5 32.6 6 mm
6 42.7 -6 mm
7 51.8 6 mm
8 -5.6 -6 mm
9 -11.8 6 mm
10 -17.4 -6 mm
11 -32.6 6 mm
12 -42.7 -6 mm
13 -51.8 6 mm

row, are used. The two rows are placed together as close as possible in the y-direction.

To optimize the positions of the array in the x-direction we first built a baseline by

putting the center seven elements together as close as possible. In addition to that, a

symmetrical configuration is used in the x-direction. This means that only the three

outer elements on each side are required to be optimized for a sparse-array configuration.

An optimal antenna-position placement for these three chips is found by sweeping over

the parameter space for low sidelobe level. The optimized positions of the chips are

shown in Table 5.1. The simulated radiation patterns of the sparse-array with the

optimal configuration are shown in Fig. 5.10. The radiation pattern scanning properties

of the array for scanning angles of 0◦, 15◦, 30◦ and 45◦ are shown in Fig. 5.11. The

sidelobe level does gets worse as the scanning angle increases to 45◦.
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Figure 5.10. Normalized radiation patterns of transmitting, receiving and virtual
array obtained from the optimized sparse-array configured single-chip radars.
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Figure 5.11. Beamforming at various angles with virtual arrays obtained from the
optimized sparse-array configured single-chip radars.
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5.3.3 Estimation of direction of arrival for the demonstrator

Using the final optimized configuration of the chips’ positions of the MIMO radar, for

the sources in the far-field region, the quality in direction of arrival is investigated for the

three algorithms, i.e. conventional beamformer, Capon’s algorithm, and the MUSIC.

The results are shown in Fig. 5.12. From these results we observe that the MUSIC

algorithm provides the best resolution and conventional beamformer provides the least

resolution. This is similar to the results shown in Chapter 2 for the case of phased-array

radars.
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Figure 5.12. MIMO direction of arrival estimation of far-field source signals with the
conventional beamformer, Capon’s algorithm and the MUSIC algorithm with optimal
sparse-array configured single-chip radars

5.4 Conclusions and future work

Starting from a literature study on MIMO radar, we have presented a MIMO-radar

design using 13 single-chip FMCW radars integrated with on-chip antennas. The single-

chip radar circuit is integrated in BiCMOS technology with one transmitting and two

receiving on-chip antennas. For improved spatial resolution, a sparse array configuration

has been used and demonstrated to show a low sidelobe level in array performance.

Due to time limitation, the work presented in this chapter does not include experi-

mental results from a MIMO-radar demonstrator. Although the first prototype of the

demonstrator has been developed, as shown in Fig. 5.13, it is not fully functional. The
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future work on this project includes:

• building a fully functional demonstrator.

• experimental verification on a synchronization of the transmitting and receiving

MIMO systems. The radar assumes a synchronization of the array to be controlled

through waveform synthesis by means of a digital controller implemented in FPGA

technology.

• experimental verification of MIMO-radar system performance. The system is

designed to scan an angular range of ±45◦ with a distance range of about 10

to 50 m.
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13 single-chip 
radars

Figure 5.13. Multi-chip MIMO radar demonstrator board. The top figure shows the
front side with 13 single-chip radars, the bottom figure shows the back side of the
printed circuit board that includes all other components such as power supply units,
data converters, and signal generator that are necessary for the functionality of the
demonstrator.



Chapter six

Conclusions and Recommendations

6.1 Conclusions

The thesis has addressed on-chip and off-chip antenna design and integration for low-

cost single-chip mm-wave FMCW radars and also has covered MIMO radar design with

on-chip integrated antennas. From the literature, the basic FMCW radar concepts such

as FMCW radar working principle, transmitter leakage effect, transmitter leakage can-

cellation techniques, array antennas, and direction of arrival algorithms were discussed.

To design the on-chip antenna, a co-design approach that takes into account the effect of

the packaging environment was employed. Using this approach, a cavity backed on-chip

monopole antenna was designed and three of these antennas (one transmitting and two

receiving) were integrated with the front-end electronic circuit of the FMCW radar. For

medium-range FMCW radar applications off-chip PCB array antennas were designed

and integrated with the FMCW IC by using a bond-wire interconnect technology. To

improve isolation, three types of EBG structures (mushroom EBGs with the first and

second bandgap) have been investigated, and the mushroom second bandgap EBG struc-

ture was implemented and experimentally verified. The work of on-chip antennas was

further extended to MIMO radar design. Using 13 single-chip radars integrated with

one transmitting and two receiving on-chip antennas, a MIMO radar demonstrator was

developed. A more detailed conclusion of the main work of this thesis is presented in

the following sections.

99
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6.1.1 On-chip antenna integration for mm-wave single-chip FMCW
radars

An on-chip antenna for mm-wave FMCW radars is considered to be a low-cost solu-

tion as compared to other antenna technologies. Another advantage of this antenna

technology is that it is directly integrated with the front-end electronic circuits without

the need for an interconnect transition that requires matching that results in additional

losses. The main disadvantage of on-chip antennas is their low radiation efficiency due

to the low resistivity of the silicon substrate. Furthermore, the complex packaging en-

vironment that includes the interconnects, the epoxy layer and a chip mounting PCB

board, causes additional losses in the form of surface waves and substrate guided modes.

Edge diffraction and scattering from the complex environment of these waves also cause

radiation pattern ripples that significantly affect the direction of arrival estimation in

FMCW radars.

These challenges have been solved by a co-design approach of the on-chip antenna

with the packaging environment. With this technique, a novel CBOM antenna was

developed, and three of these antennas, one transmitting and two receiving antennas,

have been integrated to realize a mm-wave single-chip BiCMOS FMCW radar. The key

results of the on-chip integrated antennas are:

• Antenna concept: A CBOM antenna concept was introduced that combines an

on-chip monopole with a cavity implemented as part of the packaging technology.

Due to its quarter wavelength, the on-chip monopole antenna takes a small foot

print, hence reducing the overall cost. The cavity was implemented with a via

fence with a backing ground of the PCB substrate.

• Radiation efficiency: To reduce Ohmic losses, surface waves and substrate guided

mode losses, the lossy silicon substrate was grinded to a thickness of 0.2 mm. The

radiation efficiency of the antenna was further improved by the presence of an

epoxy layer, which in IC packaging is used as a protection from the environment

hazards. The epoxy acts as a matching layer, hence, reducing the confined field in

the substrate. This is mainly due to the reduced dielectric contrast between the

silicon substrate and the epoxy. In order not to excite the higher order modes, a

0.5 mm thick epoxy layer was used.

• Isolation: Isolation between transmitting and receiving antennas was improved

by implementing via-strips in the PCB layer of the package without requiring any

additional structures on the silicon substrate.

• Antenna Bandwidth: The antenna was designed for the 60 GHz frequency band

in which the operational bandwidth is 7 – 9 GHz. The CBOM antenna shows
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wideband characteristics.

• Radiation pattern: To reduce radiation pattern ripples caused by guided waves,

surface via strips were implemented on the PCB substrate of the package. Fur-

thermore, the interconnects were designed in such a way to reduce the guided-wave

effect. For example, in the direction where the dominant guided mode is the TM0,

the interconnects are designed to be perpendicular to the propagation direction.

The experimental results show that the on-chip antenna has a 2-dBi gain and less than

3-dB ripple in the radiation pattern. The measured isolation is more than 30 dB in the

61 - 64GHz band.

6.1.2 PCB antenna integration for mm-wave single-chip FMCW
radars

To meet a high-gain requirement for the medium-range FMCW radars, a linear array

consisting of eight aperture-coupled microstrip antennas was designed on a PCB. The

linear array provides a fan-beam radiation pattern that is suitable for the intended

car-park assist application. The aperture coupled microstrip antennas were used to

cover the 7 – 9 GHz operational bandwidth of the radar in the 60 GHz band. To feed

the array, a series feeding technique in combination with corporate feeding technique

was utilized. This feeding technique was chosen to keep the array compact and also

avoid the beam squint problem (beam scanning over frequency) of the series feeding

technique. With corporate feeding the power is divided and each line feeds four antennas

in series. The array antennas were integrated with the on-chip front-end circuit bond-

wire interconnect technology, a low-cost technology compared to other technologies. The

impedance mismatch is compensated by using a series transmission line section. This

matching section was fully implemented on a PCB, hence avoiding any modifications

and extra structure on silicon.

Isolation between transmitting and receiving antennas and radiation pattern rip-

ples have been reduced by using EBG structures. Three types of EBG structures have

been investigated. These are: 1) mushroom EBG structures using the first bandgap, 2)

mushroom EBG structures using the second bandgap, and 3) via-less EBG structures

using the first bandgap. These various EBG structures show their advantages and dis-

advantages for mm-wave FMCW radar applications. All three EBG structures provide

wideband frequency characteristics. The first bandgap mushroom EBG configuration is

much smaller compared to the other two. Hence, in a given area on a PCB many more

elements can be implemented as compared to the other two. Due to this, it results in a

large number of unit cells, and hence, a higher isolation between the antennas. The sec-
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ond bandgap configuration using vias provides slightly better isolation than the vialess

EBG. All the EBG structures significantly reduce the radiation pattern ripple. The low-

est ripple can be achieved with the mushroom EBG structures using the first band gap.

However, when it comes to manufacturablity at mm-waves the first bandgap mushroom

EBG structure becomes too small, hence, difficult to manufacture. Due to their larger

dimensions, the second bandgap mushroom EBG structure and the vialess EBG struc-

tures are easier to manufacture. In the experimental results, due to manufacturability

issues, only the second bandgap EBG structure has been implemented.

Measurements were performed at antenna level (radiation pattern and isolation) and

system level (isolation). For the frequency range 57 - 64 GHz, measurement results show

that the use of the EBG structures provides a TX-RX isolation of 40 dB, which is 15 dB

better for frequencies below 60 GHz and 20 dB better above 60 GHz as compared to

antenna arrays without the EBG structures. Furthermore, the EBG structures suppress

surface waves and edge diffraction. The resulting ripples in the radiation pattern are

reduced to a level below 3 dB.

6.1.3 MIMO radar based on on-chip integrated single-chip FMCW
radar

The work on single-chip radar with three on-chip antennas (one transmitting and two

receiving antennas) was extended to a MIMO radar design in Chapter 5. Basic MIMO

radar concepts such as MIMO radar with orthogonal waveforms, its virtual array anal-

ysis and algorithms for direction arrival detection have been presented. A MIMO radar

demonstrator was developed consisting of 13 single-chip FMCW radars with 13 trans-

mitting and 26 receiving antennas. A sparse array configuration has been used to

provide an improved spatial resolution and low sidelobes.

6.2 Recommendations

In addition to the co-design approach of the on-chip antenna with the package environ-

ment there is a large potential to further improve the on-chip antenna characteristics

such as radiation efficiency, isolation and radiation pattern ripple. EBG structures on a

planar PCB technology have shown to provide promising results that can be extended

to the on-chip environment.

Due to the manufacturing challenges at mm-waves for PCB antennas only the sec-

ond bandgap mushroom EBG structures were manufactured and integrated to improve
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isolation and reduce radiation pattern ripples. However, the simulation results showed

that the EBG configuration using the first bandgap provides a better performance in

isolation and provide low radiation pattern ripples. To resolve the manufacturing issues

of the first bandgap EBG, further investigation is required. For example, this can be

done by increasing the gap between the EBG unit cells while increasing the size of the

unit cell, by modifying the shape of the unit cells.

In this work we have improved the isolation using only passive isolation improving

techniques. Existing active concepts to improve the isolation have bandwidth limita-

tions. With more work the bandwidth of the active concepts could be improved.

Due to time limitations, the work presented on the MIMO radar did not include

system-level experimental results. Although the first prototype of the demonstrator

has been developed, it was not fully functional yet. Future work on the MIMO radar

includes:

• finalizing the fully functional demonstrator,

• experimental verification on the synchronization of the transmitting and receiving

MIMO channels. The radar assumes a synchronization of the array to be con-

trolled through waveform synthesis by means of a digital controller implemented

in FPGA technology,

• experimental verification of the MIMO radar system performance. The system is

expected to scan within an angular range of ±45◦ with a distance range of about

10 – 50 m.
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