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Abstract

Diplexer and band pass filter (BPF) designs based on print-circuit components and three-
dimensional low temperature co-fired ceramic (LTCC) substrate integrated waveguide
(SIW) are presented. The diplexer specifications are proposed for a multi-gigabit per
second (Gb/s) full duplex point-to-point V-band (56 — 64 GHz) radio having BER of
1x10°. Firstly, a BPF based on printed-circuit open-loop resonators is designed for local
oscillator spurious rejections at Ku-band. However, due to low Q, its performances
cannot be extended to V-band. An alternative LTCC-SIW BPF with unloaded Q of 677
and loaded Q of 64 is designed for V-band. A five-pole SIW BPF has a 1.4 % fractional
bandwidth, return loss > 20 dB, insertion loss < 2.5 dB and > 40 dB rejection at 2 GHz

offset from the passband frequency.

Broadband and low loss microstrip to WR15 waveguide launcher designs are also
designed with both planar-circuit and LTCC substrates. Together with the designed
BPFs, a compact diplexer is designed to satisfy the specifications of the proposed radio

system.
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Chapter 1 Introduction

1.1  Overview

In response to increasing consumer demand for very data intensive mobile applications
such as video streaming, internet surfing, video conference calls and the distribution of
high definition (HD) video signals wirelessly in the home, more spectrum bandwidth
must be made available to wireless users. Metropolitan area networks provide broadband
services and use fiber-optic links because of the multi-gigabit-per-second (Gb/s) data rate
they offer. Meanwhile, a wireless link is very attractive for densely populated areas or in
an area whose terrain limitations render fiber-optic links difficult to implement. One
popular solution for bringing broadband service over the “last mile” is to install a

wireless link to the home between the fiber-optic backbones.

In order to optimize bandwidth usage, the “last mile” wireless links operate at
high microwave and millimeter wave frequencies, i.e. at commercial Ku band (12-18
GHz) and Ka band (26.5-40 GHz), free licensed V band (56-64 GHz) and lightly
licensed experimental E band (71-76 GHz, 81-86 GHz and 92-95 GHz). Transceiver
design at these frequencies is challenging, especially for the realization of the frequency
selection components whose specifications are usually critical. In general, they must
reject spurious frequencies by more than 45 dB [1] [2]. Very often, to make valuable
spectrum more efficient, channels are narrow-band and channel spacing (CS) is small
compared to the channel frequencies. This means the frequency selection components
have to have an extremely small fractional bandwidth (FBW). At the same time they
must provide approximate 45 dB rejection of the emissions from very close neighboring
channels [1] [2]. Also, a full-duplex (FDD) radio requires the frequency selection
component to isolate the transmitter (TX) signal from receiver (RX) signal, making sure

the power leakage from the TX does not saturate the sensitive RX.

Frequency selection components use several inter-coupled high-Q resonators to

achieve the filter function. They suffer a finite amount of insertion loss which is



proportional to frequency selectivity and the slope of rejection in the stopband. In order
to achieve small FBW, coupling between resonators is weak, and to have a better
rejection slope, higher-order filtering (i.e., more resonators) is required. In both cases
insertion loss will increase. As well, material losses (both substrate and conductor) are
directly proportional to frequency.

In this thesis, microstrip transmission lines are used in most designs. The
physical size of a microstrip circuit is inversely proportional to both the frequency and

the dielectric constant, since the microstrip wavelength is given by

1 =X
T ey 1 (1.1)

where & is the effective dielectric constant, f'is the frequency and c is the speed of light
in free space. High frequency operation leads to small circuit dimensions that are difficult
to etch. They are also vulnerable to fabrication tolerances and changes in ambient

temperature.

Considering all aforementioned design difficulties, waveguide seems to be a
better candidate for filter design because waveguide has the least loss and the highest
unloaded quality factor. However, waveguides are bulky, difficult to integrate with other
parts of the RF circuit and expensive to machine. Further, waveguide BPFs need to be
tuned manually to obtain an accurate response, and they are vulnerable to different

thermal conditions.

1.2 Motivations and Objectives

An FDD communication link allows two parties to communicate with one another in both
directions simultaneously. This is obviously more desirable for commercial

telecommunication applications compared to half-duplex links. Instead of using a switch



for TX or RX control in half-duplex operation, a diplexer is required for FDD operation.
A diplexer is a three port device, in which the high and low frequency ports each consist
of a BPF to select the TX frequency and RX frequency, respectively. The third port is the
output of the two BPFs joined as the common (COM) port and is connected to the

antenna.

Traditionally, diplexers at millimeter-wave frequencies are realized with waveguides,
because of their sharp rejection at stop-band and low insertion loss at passband. However,
waveguides are difficult and expensive to build and tune. It is very attractive to develop
other inexpensive, more repeatable, and simply constructed diplexers that don’t require
tuning and that don’t lead to significant degradation in performance. The overall goal of
this work is to develop alternative mm-wave diplexer realizations for high data rate point-
to-point wireless links that exhibit compactness and ease of integration with the rest of
the circuitry at the transceiver I/O port. Specifically, the following thesis objectives will

be pursued:

1. Detailed system design of a proposed V-band multi-Gb/s point-to-point wireless
link. System performance and trade-off is discussed in order to determine the

diplexer specification.

2. Design of BPFs using coupled open-loop resonators printed on Duroid or alumina
substrate for both TX and RX ports, together with a microstrip to waveguide

transition launcher for connection to the antenna.

3. Design of BPFs using substrate integrated waveguide (SIW) resonators with a
novel loading design in a low-temperature co-fired ceramic (LTCC) process for
both TX and RX ports. The COM port is a microstrip to waveguide transition
designed LLTCC.



1.3  Thesis Organization

Chapter 2 begins with a hypothetical wireless communication link system design. The
outcome of the design is the determination of the BPF specifications for both TX and RX
ports. Section 2.1 also discusses the importance of the frequency selection component
and how its performance affects the overall system performance. Sensitivity studies are
made based on the system's specifications to determine how system specifications are
traded off to loosen the BPF specifications. Section 2.2 covers basic filter theory and
different types of filters together with their advantages and disadvantages. Filter
realization techniques are also presented. In Section 2.3 different types of millimeter-
wave substrate technologies are discussed, followed by resonator structures and designs.
Lastly input and output coupling techniques as well as internal coupling techniques

between resonators are discussed.

In Chapter 3 the design of planar printed BPFs is presented, and Chapter 4
follows a similar outline for the design of SIW BPF in LTCC technology. In each
chapter, resonator structures are designed first at centre the frequency. Simulations are
performed using Ansoft HFSS CAD tool. Different feeding methods with respective
loaded Qs are simulated. Coupling mechanisms are presented followed by final tuning

procedures.
In Chapter 5, a microstrip line to waveguide transition launcher in each
technology is designed, tuned and optimized. Each launcher is used at the common port

as the output of the TX BPF to antenna and the input of RX BPF from antenna.

In Chapter 6, conclusions are given as well as recommendations for future work.



Chapter 2  System Study and Filter Concepts

In accordance with the first thesis objective, this chapter presents a hypothetical, yet
commercially relevant, V-band (56 — 59 GHz) wireless communication link system
design. The results of this design will lead to the specification of the band-pass filters
pursued in subsequent chapters. In addition, basic resonator and filter design concepts

will be reviewed.

2.1 System Design and Diplexer Specifications

Filters and diplexers are critical components in a wireless communication link because
they can limit the overall system performance. For any FDD radio architectures, the
diplexer is the most significant filtering component since it is the first RF component
after the antenna at both the input and output of a transceiver. Its insertion loss (IL) will
degrade the signal to noise ratio (SNR) of the receiver and its filter response will
determine the spurious signal leaking between the TX and RX signal paths. The
following sections the detailed design of a hypothetical FDD V-band wireless link will

allow typical specifications to be set for the transceiver’s diplexer.

2.1.1 Target radio performance and regulation

Table 1 summarizes the target system specifications of a radio transceiver

intended for the unlicensed V-band spectrum.



Table 1: Target radio system specifications

Data Rate >1Gb/s

Mode of operation FDD

Bit error rate (BER) <1x107°

System SNR >26dB

Mlnlmprg and maximum range of 100 / 800 metres

transmission

Frequency of operation unlicensed V band (56 -
dquency ot op 59GHz)

This full duplex radio is designed for point to point communication purposes. In

order to meet increasingly high data flows demanded by end users, the targeted data rate

is set to at least 1Gb/s with BER of <1x107®. The line of sight range of the link is
between 100 and 800 metres, since the radio is intended to be the last link from the
optical network backbone to the home. The short transmission range could actually have
some advantages, i.e. the communication is more secure and the frequency spectrum use
is more efficient. Another reason for such short range is due to the high atmospheric
attenuation in V band as shown in Figure 2.1. It peaks at 20dB/km at 60GHz. This is
actually why this band is unlicensed in most parts of the world. Figure 2.3 shows the
available spectrum in the V-band in several countries and continents. Lastly, the
maximum TX power is set by spectrum regulations and this limits the maximum range of
the radio. In this design, the European Telecommunication Standards Institute (ETSI)
standard is followed. Table 2 summarizes the ETSI regulations; maximum TX power is

set at 10dBm.
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Figure 2-1 Specific attenuation due to gaseous constituents for transmissions through a

standard atmosphere (20°C, 1 atm, water vapour content= 7.5[%}) [24](25]
m

The lower edge of the V-band spectrum in this design is used because of
relatively lower loss and lower phase noise (PN) there. PN will increase according to the
multiplication factor for the reference frequency. It is also easy to place the local
oscillator (LO) tone out of band, and only one LO line-up is needed since the tuning

range is reasonable.
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Figure 2-2 World-wide unlicensed spectrum around V band [1] [3] [4]

The following table summarizes the ETSI regulations for point to point digital

radio operating at unlicensed V band.

Table 2: The European ETSI regulations [3] [4]

Frequency range 56 — 66 GHz
Maximum peak EIPR 55 dBm
Maximum transmitter power 10 dBm
Maximum out of band spurious EIRP -10 dBm
Maxumum in-band spurious at adjacent

-30 dBm
channel




2.1.2 Frequency plans

The goal of the frequency plan is to achieve the target multi-Gb/s data rate within the 56-
59 GHz spectrum of operation. Only 2 GHz spectrum is actually used for data with a 1
GHz guard band between the TX and RX channels. The TX and RX bands are each 900
MHz wide divided equally into 4 channels 225 MHz wide. The remaining 200MHz is
used to provide a 100MHz guard band below the TX channels and above the RX

channels. Figure 2.3 shows the detailed frequency plan of the proposed radio.

Channel Seperation

Figure 2-3 FDD frequency planning, A is TX spectrum, B is RX spectrum, in MHz.

The 1GHz channel separation (CS) is not a waste of spectrum as it can be used for
a different radio band. The value of CS is an important factor for the diplexer
specification, since the amount of TX output power leakage into the RX input has to be
below the sensitivity of the receiver. In this plan the RX frequency band has four

channels, from 58 GHz to 58.9 GHz.

2.1.3 Data rate and modulation

The radio design uses a symbol rate of 225 Mega-symbol per second (Ms/s) equal to the
channel bandwidth 225 MHz. Without any coding redundancy, in order to achieve greater

than 1 Gb/s, 6 bits per symbol must be used, as given by the following formula [24]

bitrate =  symbol ratex N Xcode rate 2.1
1.35Gb/s = 225Ms/sx6x1 '



where N is number of bits per symbol, and code rate is the ratio of redundancy of coded
date. For the cases where multi-path and/or tough weather conditions may degrade the
performance, coding can be introduced to achieve the target BER. Without any coding,

the code rate equals 1.

Since N is determined to be 6, a 64 symbol quadrature amplitude modulation
(QAM) is used. The choice of the modulation is also important to diplexer design since it
sets the system's SNR requirement. In addition, it also sets the amount of back-off from
saturation for the peak output power out of the transmitter. These have direct effects on

the insertion loss specification of the diplexer.

2.1.4 SNR and error vector magnitude (EVM)

SNR is a key design parameter for any radio system design especially for the receiver.
Since the probability of BER is directly related to modulation format and bit energy to
noise ratio (Ey/N,) as shown in the following “waterfall” curve plot for 64 QAM created

using BER function from © Matlab signal processing toolset.
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Figure 2-4 BER v.s. ;\—g,”—for 64 QAM

0
Since the radio is designed for the last link to the home as compared to the telco

backbone, the target BER for the receiver can be set relatively high at10™®. From Fig.

2.4, the corresponding E%V is 18.5 dB. The SNR is a function of % , sampling
[ 0

frequency, f; bandwidth BW, type of modulation and code gain as given by: [26]

E
SNR,, = Fb+10-1og(§%“ﬁ]+10-log(m—code gain 2.2)

0

26.6dB= 18.84+0+7.8+0

In this design the sampling frequency is equal to the BW (= 225 MHz) and code gain
equal to 0 dB since no redundancy is introduced. Therefore the receiver requires a SNR

of 26.6 dB.
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For the transmitter, the figure of merit is error vector magnitude (EVM) normally
expressed in percentage. It is the deviation from a reference input modulated signal, and

EVM can be related to SNR through the following formula: [26]

EVM =-10""0%

4.7% =107 @)

Thus for a SNR of 26.6 dB, the required EVM is 4.7%.

The insertion loss of the diplexer has a direct dB for dB degradation on the
receiver SNR since it reduces the received signal. On the transmitter side, the diplexer
insertion loss reduces the output power and consequently increases dB for dB the linear

output power specification for the transmitter power amplifier (PA).
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2.1.5 Link budget, dynamic range, system gain and antenna gain.

The allowable path loss of this wireless communication link can be estimated based on
the operating frequency and range. For a minimum and maximum range of 100 and 800
metres, respectively, and operation between 56 and 59 GHz, the losses can be calculated

as follows:

4
Path Loss, = 20xlog Xfr[n>/<range[m
)/ [1/5]

-107.41dB = 20xlog 4_><87r><ML9
3x10°/56x10

(2.4)
3x10° /5610
-107.86dB = 20xlog _w@_g
3%10°/59%10
~125.92dB = 20xlog w_()()_g
3%10°/59%10

From Fig.2.1 the oxygen absorption in 59 GHz is around 20 dB/km. Therefore,
the dynamic range of the receiver has to be —107.41— (- 125.92)+0.7x20 =32.52dB

The approximate transmitter gain at millimeter-wave frequency (this gain does
not include gain at base-band and intermediate frequency (IF) stages) can be designed
and set as the difference between the receiver threshold level and saturation level of the
transmitter. Before calculating these two power levels some assumptions must be made.
Assume the output power of the transmitter PA is 10 dBm at 1 dB compression. This
will be the maximum power before the diplexer. Also assume the noise figure (NF) of the
transmitter is 10 dB. This is an iterative process for one can always assume a different
value if the system gain specification is too difficult to realize. Then the threshold level of

the transmitter can be estimated as follows:
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Threshold Level, = Noise Floor,,  +Noise Figure ; +10xlog(symbol rate)+SNR
—31dBm = -90.48+10+10x1og(255)+26.6

2.5)
where noise floor can be calculated as:

Noise Floor,, =-174+10xlog(BW,,,)

a (26)
~90.48 dB =-174+10x1log(255%10°)

The maximum output power before saturation depends on the modulation format;
higher-order modulation requires more TX power back-off before the PA saturates. This
power back-off is also called peak-to-average power radio (PAPR). It also depends on the
type of filtering used for the modulated signal [5]. Table 3 shows the power back-off

required for different modulated signals [5].

Table 3: PAPR of the constellations for different modulation schemes [5]

Modulation PAPR [dB]
N-PSK 0

16-QAM 2.6
32-QAM 2.3
64-QAM 3.7%*
128-QAM 4.3

Root raised-cosine filtering (RRC) is used in the modulator at baseband. The roll-
off of the RRC filter contributes some inter-symbol interference (ISI) since it is not an
ideal brick-wall response. There should also be power back-off associated with the RRC
filter's response truncation factor a. The relationship of PAPR vs. a is given in Table 4

(4].
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Table 4: PAPR of the RRC filter for different o

o PAPR [dB]
0.15 6.3
0.2 5.6
0.3 4.5
0.4 35
0.5 2.8

In order to have greater design freedom, data from Table 4 are curve fitted with a third

order polynomial, as follows:

PAPR =8.5226—16.188x @ +8.1022x &> +2.7322%x & (2.7)

RRC filter

Using Table.3. and equation (2.7) together with the P1dB point chosen previously and

setting a of RRC filter equals to 0.7, the maximum TX power can be calculated as follow:

Max . TX 5, = P1dB-PAPR (¢, — (8.5226-16.188x @ +8.1022x 0 +2.7322x 0 )

2.8
42dBm=10-3.7-(8.5226 -16.188x0.7+8.1022x0.7 +2.7322x0.7°) @8

Therefore, system gain can be designed or estimated as: 4.2 ——31=35.2dB

The system gain is another important parameter of diplexer design, since the
desired signal, unwanted emissions and spurious signals are all amplified by the same
amount. As a result, the diplexer has to overcome this gain to attenuate unwanted

emissions and spurious to the specified out of band levels.

After the maximum transmitted power is set, the maximum antenna gain of the
transceiver can be calculated. From Table 2, the maximum equivalent isotropic radiated
power (EIRP) is 55 dBm. The difference between the EIRP and the maximum transmitter
power is the required antenna gain.

EIRP__—MAX.TX power=55dBm-4.2dBm=50.8dBi.
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This antenna gain is a very liberal value. Since this radio is designed for point-to-
point applications, the antenna needs to be very directive, i.e. have narrow beam-width
and high gain. Typically, a two feet dish antenna at V band has directivity approximate to
45 dBi [27] which is less than 50.4 dBi. Assuming both TX and RX have identical
antennas with 100% efficiency (so that antenna directivity equals antenna gain), thus the
maximum and minimum RX power is:

Max.RX Powery, =TX Powery,  + Gy + Min. Path Loss ; + Gy + Oxygen Obsorption
-15.21dBm=4.2dBm+45dBi-107.41dB+45dBi -2

Min.RX Powery, . = TX Power, =+ Gy +Max. Path Loss ; + Gy + Oxygen Obsorption
- 4772dBm=4.2dBm+45dBi-125.92dB +45dBi —16

2.9
The diplexer must ensure that any TX leakage, unwanted emissions and spurious
signals other than the desired RX signal are attenuated (i.e. are no higher than the
sensitivity of the receiver).The diplexer also needs to prevent any incoming signals from
exceeding the limits which will saturate the receiver. The final system specifications are

summarized in Table 5

Table 5: Final designed system specifications

System specifications

Data rate 1.35 Gb/s
BER 1x107°
Modulation 64-QAM
System SNR 26.6 dB
System NF 10 dB

Max TX power 4.2 dBm

Max. EIRP 44.2 dB

System Gain 35.2dB

Dynamic range 32.52dB

Max./Min. RX
power

-15.21/-47.72 dBm
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2.1.6 Radio architecture

A single LO transceiver architecture is used as shown in Fig. 2.5. The single LLO
frequency is placed at CS away from the TX frequencies and twice CS away from the RX
frequencies. Effectively, the IF of the TX signal is at twice CS or 2 GHz, and the IF of
the RX is at 3.9GHz or four times CS minus the guard bandwidth. Notice that there can
be another down-converting stage at the RX to bring both the TX and RX IF to the same
frequency. The main advantage of the single LO design is its simplicity and lower cost.
AtV band, an LO line-up needs to have at least 10 dBm power to drive a mixer. It is
difficult and expensive to build such a high power LO line-up as it needs power output
higher than the whole transmitter. The main drawback of this topology is that the LO
frequency is in-band, so extra filtering or LO-rejection to keep LO leakage within
specification is required. In addition, since the IF is in the sub-GHz range, the spurious

frequencies at spurious frequencies =mx LO frequencies  n X IF frequencies (2.11)are also

close to the band requiring difficult rejection specifications for the diplexer.

Figure 2.5 shows the millimeter-wave blocks of the transceiver. There are only
seven active components: (a) a voltage controlled oscillator (VCO) tunable over 13.5
GHz or an equivalent phase lock loop (PLL) system for more stable frequencies; (b) two
image reject 2™ harmonic mixers; (c) a frequency multiplier; (d) a driver amplifier; (e)
the PA; (f) the LNA; and (g) the I/Q modulator /demodulators. The features of each

component will be discussed in turn.
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