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Chapter I

General introduction

1.1 Introduction

There are plenty multimedia applications calling for wireless transmission at Gbps or multi-Gbps
transmission over short distances. Examples are wireless Giga-bit Ethernet (1.25 Gbps), synchro
nization and high-speed download (as fast as possible) and wireless transfer of high definition
video (2 - 20 Gbps). These data rate figures cannot be accommodated in the traditional frequency
bands below, let us say, 10 GHz without significant service degradation. Sufficient spectral space
can however be found around 60 GHz where in the order of5 GHz ofspectral space has been allo
cated worldwide for unlicensed use. The reason for this allocation is the occurrence ofsignificant
oxygen attenuation in this band which makes it unsuitable for long-range (> 1 km) transmission
[1]. Fortunately, this potential mass market for low-cost 60 GHz radios can be addressed by to
days low-cost process technology [2]. However, low cost 60 GHz is by no means main-stream
and there are many challenges encountered in the design and implementation of such systems.

1.2 Scope

In this thesis the design and implementation of a 60 GHz transmitter/receiver (transceiver)
front-end will be described. The principal goal of this work is to gain insight in the hurdles
encountered during the design and implementation, to invent potential solutions for these prob
lems and to motivate choices among the various design options.

1.3 Organization of this thesis

Chapter 2 discusses the global architecture ofthe transceiver and global implementation aspects.
The next three chapters will focus on the different elements that are part of this architecture
and their mutual interconnection: the principles offrequency up-conversion as well as frequency
down-conversion are elaborated in Chapter 3. Chapter 4 addresses the interconnection of ele
ments by microstrip. This also forms the basis of microstrip filter design which is treated in
Chapter 5. The actual realization of the 60 GHz transceiver is presented in Chapter 6. Finally,
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in Chapter 7, the main results of this thesis are summarized and conclusions are drawn. Also
recommendations for further research are given.
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Chapter 2

Transceiver architecture and design
approach

2.1 Introduction

Any communication system, in its basic form, consists of a transmitter, a receiver and a trans
mission medium in between. Figure 2.1 shows the block diagram of a general communication
system. The radio frequency (RF) processing part is needed to convert the baseband signal into
a frequency band that is appropriate for the transmission medium of the channel. The trans
mission medium can be coaxial cables, fiber-optic cables or a wireless medium (air). It will be
further assumed in this thesis that the transmission medium is air. The receiver will receive the
signal from the transmission medium and the RF processing block will convert the signal back
to baseband. The baseband processing block will 'repair' the received signal and delivers this to
the destination.

noise
1-' _. _. _. _. _. _. -, _. _. _. _. _. -' _. _. _. _. -"I

i transmitter i
I I
i i
I i

information I i
input f--i.-~

1-' _. _. _. _. _. _. _. _. _. _. _. _. _. _. _. _. _. -"I

I receiver I
I I
I I

I I

i i information
output

Figure 2.1: A general communication system

2.2 Transceiver architecture

In conventional wireless applications the heterodyne topologies are well known and widely uti
lized [3]. With this architecture, in perspective ofthe receiver side, the input radio frequency (RF)
signal is down-converted to an intermediate frequency (IF) where it can be amplified and filtered
before the final demodulation [3]. The disadvantage ofthis architecture is that these intermediate
conversions result in higher cost due to the involved complexity. The alternative ofthe heterodyne
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topology is to eliminate the IF-stages which implies direct conversion. This will result in a more
simple topology (less complex thus lower cost) than the heterodyne topology. However, direct
conversion topology creates additional DC-offsetsI ([4], [5]) that are not present when applying the
heterodyne topology. However, this DC-offset is avoided by using subharmonic mixers (SHM)
[6].

The transceiver will be designed and implemented in Printed Circuit Board (PCB) technology with
exception of the mixer. The PCB technology provides a low-cost and particularly compact way of
realizing complicated circuits in the centimeter band (3 GHz - 30 GHz) and millimeter band (30 
300 GHz). The copper traces (microstrip transmission lines) on the PCB allow to design filters,
phase shifter, antennas etc. The general 60 GHz front-end architecture is shown in Figure 2.2

and is a direct conversion architecture based on [7]. All the parts within the box, shown in Figure
2.2, can be designed and implemented on PCB. The local oscillator (LO) and the antenna have
to be also implemented on the same PCB in order to get a complete transceiver. However, in
this thesis we will concentrate on the mixer and the microstrip line structures. This complete
architecture is reciprocal, in the sense that it can operate both in the transmit and receive mode.
This architecture makes it possible to design a low-cost transceiver. Also, 60 GHz components
like the oscillator, power amplifiers, mixers, resistors are expensive or either not available and
therefore we have to make concessions in the design. Normally for the power divider a Wilkinson
power divider2 will be chosen because all its three ports are matched. However, the Wilkinson
power divider requires a resistor which we want to avoid at 60 GHz (as mentioned before) and
therefore we have to apply a 'basic power divider'. This divider is called a 'Tee-splitter' and can be
easily implemented on a PCB. Local oscillators at 60 GHz are not available, however using SHM
only the half (30 GHz) of the required radio frequency is needed and is used in this transceiver
architecture.

2.3 Design approach

In order to design and implement the 60 GHz transceiver as described in the former paragraph,
the transceiver is first designed on lower frequencies. To understand and verify the operation of
a subharmonic mixer, a basic transceiver using a subharmonic mixer will be designed at a fre
quency of 2.4 GHz. This can only be accomplished when the principles of RF signal mixing and
the microstrip line theory are understood. Chapter 3 will describe the principles of (sub)harmonic
mixing. The microstrip line theory will be described in Chapter 4, and based on this theory, we
will design microstrip filters. This is treated in Chapter 5. With the experience obtained with the
2.4 GHz transceiver we go a step further by designing and implementing a transceiver at 10 GHz
based on Figure 2.2. The final step is to design and implement the complete architecture for a
60 GHz system.

I In direct conversion, as the signal of interest is converted to baseband very early in the receive chain, without any
filtering other than RF band-selection, various phenomena contribute to the creation of DC signals, which directly
appear as interfering signals in the band of interest.

2 A Wilkinson power divider is a three-port circuit that divides the power delivered at its input-port to two output
ports. The matching of the ports is accomplished by a resistor.
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Figure 2.2: Block diagram ofa 60 GHz transceiver using direct conversion
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Chapter 3

Mixers

3.1 Introduction

In the world of radio frequency (RF) signal handling, a mixer is the component that converts
the frequencies in a signal up- or downward without changing the signal characteristics. High
frequencies are needed to be able to transmit the signals wirelessly. Mixers can be used as modu
lators and demodulators; converting a baseband signal (low frequency) to a high frequency signal
and back. In this chapter the basic concepts of mixing and the realization of a subharmonic
mixer, first according to switches will be described. Subharmonic mixing is needed to create high
frequencies (e.g. 60 GHz) because local oscillators (LO) and mixers at these frequencies are ei
ther expensive or not available. A subharmonic mixer requires only half the Local Oscillator (LO)
frequency as needed in a standard mixer design. Local oscillators at lower frequencies are easier
to acquire or design. Harmonic balance analysis will be used in order to obtain the optimum
mixing performance. The mixer building block will be used in the later on described 10 GHz and
60 GHz transmitter designs (Chapter 6.3).

3.2 Basic concepts

RF mixing is multiplying two signals in the time-domain and this means in the frequency-domain
convolution of the two input signals [8]:

f(t) . g(t) {::::::} F(w) * G(w)

If f(t) is a sinusoidal waveform that has a single carrier frequency fe with amplitude Ae, this
function can be written as:

f(t) = A e cos(wet),

where We = 2rrfe. The spectrum of f(t) can be obtain by using the Fourier transform. The
Fourier transform of a wave form x (t) is [8]:

00

X(jw) = F{x(t)} = f x(t)e-jwtdt,

-00
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where X(jw) is called the Fourier Transfonn, Fourier spectrum or complex amplitude spectrum.
Using the Inverse Euler Fonnula

for Equation (3.2) and using Equation (3-3), where x(t) = f(t) results in:

F(w) = X(jw) 100 (ejUJcl + e- jUJC1)
F{f(t)} = Ae 2 e-jUJ1dt

-00

00 00

= ~e I e-j(UJ-UJc)ldt + ~e I e-j(UJ+UJc)ldt

-00 -00

Using the equivalent integral for the Dirac delta function [8]

00

8(x) = Ie±jxYdy

-00

where either the + or the - sign may be used. Using x = w ± We and y = t, the spectrum of f (t)

becomes:

F(w)

This means that,

F(w)

F(w)

- O.5Ae

o
if

if

A property of the Fourier transfonn expresses Parseval's theorem. It says that the integral of the
product of two functions of time also can be expressed as the integral of the products of their
spectra and is given by [8]:

00 00I f(t)g(t)e-jUJ1dt = F(w) *G(w) = IF(v)G(w - v)dv

-00 -00

Multiplication of a signal g(t) with this signal f(t) in the time-domain will be in the frequency
domain:

F(w) *G(w) = O.5AeG(w + we) + O.5AeG(w - We).

The above equations shows that RF mixing ofa signal with a single carrier frequency is just shift
ing the frequency components in the signal over a distance equal to the carrier frequency, while
the amplitude is multiplied with the halfofthe carrier amplitude.



In order to produce new frequencies (harmonics) the mixer must be a non-linear device and it
can be a switching device or non-linear amplifier. A non-linear output signal can be represented
by a Taylor series [9]:

where Uin is the change in input voltage from the operating point (the point in which the Taylor
series is developed) and ai, i = 1, 2, ... are amplitude coefficients ofthe different harmonic terms.
Neglecting the first term in Equation (3.13), the bias term, and if the non-linear device is excited
by two sinusoids, Signal I at frequency II = COS(Wlt) and Signal 2 at frequency h = cos(wzt),

the input and output signals can be written as:

Uin COS(Wlt) + cos(wzt) (3-14)

Uout - al' Uin + az . U?n + a3 . U?n + ... (3. 15)

al . (COS(Wlt) + cos(wzt)) + az . (COS(Wlt) + cos(wzt))z + ... (3.16)

By expanding (COS(Wlt) + cos(wzt))z in Equation (3-16) it contains the term 2cos(wlt) cos(wzt)

which has the trigonometrical relationship:

The above equation shows two results: a sine wave at the frequency sum of Signal I and Signal 2,

and a sine wave at the frequency difference between Signal I and Signal 2. This is the basic process
by which we translate information into a 'radio form' and translate it back again. For example,
to transmit a 3 kHz audio tone by radio (reading: wirelessly), the audio tone will be fed into the
mixer's input port and a carrier radio frequency (RF) will be fed into the mixer's other input. If
the carrier radio frequency is 3003 kHz, the mixer output will be 3006 KHz and 3000 KHz plus
other harmonic components; we have achieved modulation. Converting these two radio signals
back to audio is called demodulation. The next paragraph will describe diode mixers, where the
diode will be represented as a switch.
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(3-18)

3.3 Diode mixers

In this paragraph the (subharmonic) mixer will be represented as an ideal switching device and
later on a practical design will be introduced.

3.3.1 Switching mixer principles

An ideal diode can be represented as a switch and this section will describe according to switches,
the principles ofdiode mixing. Let's consider Figure 3-1 were the diode is represented as a switch
and two sources; an RF-source with a source resistor Rs and an ideal La-source. The switch is
activated by the LO-source and will cause a rectangular waveform s(t). A rectangular waveform is
made up of an infinite series ofharmonically related sines waves. A waveform showing a string
of rectangular pulses is given in Figure 3.2, where T is the period, i the pulse width and A is the
amplitude. Using the Fourier series for a rectangular wave (with even symmetry), we find that
s(t) becomes [9]:

Ai 2Ai [Sin(X) sin(2x) sin(nx) ]
s(t) = - + - -- cos(wt) + cos(2wt) + '" + cos(nwt) + ... ,

T T x 2x nx

with x = n(i / T), w = 2nfLO with fLO being the local oscillator frequency, n the harmonic order,
a positive integer value. The duty cycle (D) for the waveform is the ratio of the active time of the
pulse to the periode of the waveform and is expressed as D = i / T. Assuming that the duty cycle
ofthe switch is a halfand the amplitude will be zero (switch open) or one (switch close), Equation
(3-18) becomes:

1 2[ 1 1 1 ]s(t) = - + - cos(wt) - - cos(3wt) + - cos(5wt) - - cos(7wt) +... .
2 n 3 5 7

....------'r.---.......--+---- IF output

........... . ,

RF
source

LO
source

Figure 3-1: Diode represented as a switch
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A

Time

T

Figure 3.2: Rectangular pulse waveform

Letting the RF-signal be given by URF = A RF COS(WRFt) and neglecting for simplicity the DC and
higher order terms in Equation (3.19) the amplitude ofIF will be:

2
U/ F = URF . set) = A RF COS(WRFt) . - COS(WLOt).

rr

Using

1
cos(u) cos(v) = '2 [cos(u + v) + cos(u - v)]

the amplitude of the IF will be, neglecting negative frequencies!

1 2 1 2
U/F = -ARF - COS(WRFt + wLot) + -ARF - COS(WRFt - wLot)

2 rr 2 rr

Using Equation (3.22) we can derive the down- or up-converter formulas.

Down-converter:

Up-converter:
A RF

U/F = -- cos(WRFt + wLOt)
rr

Now, re-introducing the higher order harmonics, the IF output contains the mixing products fRF
and fRF ± n . fLO with n=l, 3, 5, 7, etc. of which we have now only used the n = 1 contribu
tion. Normally in practice n will be I because higher values of n will lead to a lower conversion
efficiency. Equation (3-19) shows that the n = 3 contribution will lead to a factor 1/3 lower ampli
tude.
The amplitude of these products (n=l, 3, 5, 7, etc.) is maximal if in Equation (3-18) the term
sin(x) = sin(rr . T / T) = sin(rr D) is equal to one, meaning the duty cycle has to be D = 0.5. By
the condition that D=o.5 and n=l, the voltage conversion gain of the mixer is l/rr, as can be seen
in the first term of Equation (3.23) and (3.24), assuming A RF = 1.

Replacing the single switch by a diode and connecting the diode to an Alternating Current (AC)
source and a load (shown in Figure 3.3), the diode conducts on AC voltage only when its anode is

!Therefore it is necessary that W R F > W L O.



positive with respect to the cathode (Le. greater than 0.7 Volt for a silicon diode). The diode can
only rectify the positive half ofthe sinusoidal signal if the amplitude of the source is greater than
0.7 Volt. The rectangular wave in Figure 3.3 shows if the diode is conducting (switch dosed) or
non-conducting (switch open). The duty cyde of the switch therefore depends on the amplitude
of the sinusoidal signal. If, for a silicon diode, the source signal is considerably greater than 0.7
Volt, the duty cyde will be nearly fifty procent. Using two anti-parallel diodes, the diodes can be
switched two times in the periode T. The first diode will conduct if the positive sinus is greater
than 0.7 Volt and the other if the negative sinus will less than -0.7 Volt. In between 0.7 Volt and
-0.7 Volt the diodes do not conduct. If the amplitude of the source is too large, the diodes will
conduct the whole period.

By replacing the single diode by an anti-parallel diode pair (APDP), the ideal switch shown in Fig
ure p will now be a three position switch shown in Figure 3+ The switch can be open, dosed
or be in neutral state. Therefore the r in Figure 3.2 is now a unknown parameter. Introducing a
unknown parameter k, the duty cyde D can be calculated. Let the periode T be 2n and the pulse
width r be 2nk in Figure 3.2, the duty cyde becomes: D = rlT = 2nkl2n = k. In this case
Equation (p8) will now become (A = 1):

[
Sin(nD) sin(2n D) ]

s(t) = D + 2D cos(wt) + cos(2wt) + ....
n D 2n D

The diodes can switch two times in period T in an anti-parallel configuration and therefore the w
in Equation (p8) will be now 2ww .

Let the RF-signal be given by URI' = A RF COS(WRFt) and neglect for simplicity the DC and higher
order terms in Equation (3.25). The amplitude ofIF will be:

2
U/ I' = URI' . s(t) = A RF COS(WRFt) . - sin(n D) cos(2wwt).

n

Using Equation (3.21) the amplitude of the IF will be, neglecting negative frequencies (WRF ~

2ww):
sin(n D)

U/ F = A RF [COS(WRFt + 2wwt) + COS(WRFt - 2wwt)]
n

Using Equation (3.27) we can derive the down- or up-converter formulas.
Down-converter:

sin(Dn)
U/F = A RF cos(WRFt - 2wLOt)

n
Up-converter:

Re-introducing high order terms, the IF output contains the mixing products f RF and f RF±n·f w

with n=2, 4, 6, 8, etc. of which we have now only used the n = 2 contribution. As can be seen
in Equation (3.28) and (3.29) for n=2, the voltage gain of the mixer is sin(Dn)/n and is now
dependent on the duty cyde D.

18
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+
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Figure 3.3: Diode as rectifier

RF
source

Rs

.-------~>---.-~>---- IF output

set)

o
a

LO

Figure 3+ APDP represented as a switch

The impedance of the ideal diode (switch) has two extreme values, being either a short- or open
circuit (2=0 or 2=00). In reality, however, the diode is not a perfect switch, but a non-linear device
with ohmic losses, parasitic capacitors and inductors. The impedance ofthe diode now has a time
varying impedance, dependent on the LO frequency and voltage level as well at the RF frequency
and voltage level. Matching the diode to the circuit may improve the performance of the mixer.
There are three matching networks required:

• the oscillator should be matched to the impedance of the diodes,

• the RF source should be matched to the impedance of the diodes,

• IF impedance match.

Finding the mixer impedances by simulation is only possible with the availability of accurate
'equivalent circuit component values'. These values will be described in Paragraph 3-4.2.



3.3.2 Subharmonic mixer realization

At very high frequencies SubHannonic Mixers (SHM) have the advantage over hannonic mixers,
since they do not require expensive high frequency local oscillator (La) sources. Nowadays high
quality La-sources with appropriate stability levels for proper mixing at frequencies above 40
GHz are either not commercially available or expensive. A SHM can be used as a down-converter
or up-converter with a much lower La-frequency.

In this section a basic circuit ofa subhannonic mixer for down-conversion will be described. First,
consider a mixer with a single diode (shown in Figure 3.5). This mixer can be applied in a circuit
in which the impedance of the diode can be tuned by the oscillator signal power level. The serie
resonance circuits in Figure 3.5 are used to isolate the ports (RF, IF and La) on all frequencies
other than the port frequency (Band Pass Filters). By choosing a high L/C ratio, the Q-factor of
the series resonance is almost infinite, giving a negligible influence at the other port frequencies.
but making the circuits, when implemented, very sensitive to tolerances. The inductance LDc is
very large, producing an infinite impedance at all frequencies except at OHz (DC), creating a DC
short to avoid the creation ofa bias voltage over the diode.

RF source

L DC IF

Figure 3.5: Basic circuit model ofa mixer for down-conversion

Based on the theory of paragraph 3.3.1 for a single diode, we can write for the intennediate fre
quency (IF):

hF = IfRF ± n· fLO I,
where n is the hannonic number: 1,3,5,7, ...etc. Using this mixer in practice, n will be normally
I because, as mentioned in paragraph 3+1, higher values of n will lead to a lower conversion
efficiency. This type ofmixer is reciprocal, this means the IF- and RF-source may be interchanged
(can be used as up- and down-converter).

By replacing the single diode by an anti-parallel diode pair (APDP) a subharmonic mixer can be
realized. Because the anti-parallel diodes cannot be biased anymore a DC short is not required.

20



Figure 3.6 shows a basic circuit model of a subharmonic mixer. The LO-source is now placed
directly at the diode side as shown in Figure 3.6. In this situation the diodes have to be shorted
to ground for all frequencies except the oscillator frequency /Lo, by means ofa parallel resonator
circuit. Based on the theory of paragraph 3.3-I for an APDP, we can write for the intermediate
frequency (IF):

!IF = IfRF ± n· fLO I

with n=2, 4, 6, 8, ...etc. In practice n will be 2 since higher values of n will lead to a lower
conversion efficiency, as mentioned in paragraph 3.3.1.

These resonance circuits, now realized by lumped elements (shown in Figure 3.6), can be realized
at higher frequencies by printed circuit transmission line sections (partially shown in Figure
3.7). A disadvantage of using microstrip line sections as resonator circuits is, that they are not
only in resonance at the intended fundamental frequency, but also at all harmonic frequencies.
The microstrip line theory will be discussed in Chapter 4 and the microstrip stubs (shown in
Figure 3.7) will be discussed in Chapter 5. The subharmonic mixer as shown in Figure 3.7 is also
reciprocal (can be used as up- or down- converter).

Because a diode has a non-linear behaviour, the diode impedance varies as function offrequency
and the input power level. In the next paragraph the input power will be used to match the diode
as a practical means of improving the efficiency.

RF source

hes= fRF
,-A--..

I~~i

- I

IF

Figure 3.6: Basic circuit model of a subharmonic mixer
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shorted stub

open stub

RF source

IF

Figure 3.7= Basic microstrip model of a subharmonic mixer

3.4 Subharmonic Diode Mixer Analysis

In this section a subharmonic mixer using MS825x (MDT COrp.®)2 GaAs anti-parallel pair Schot
tky diodes will be analyzed using the Microwave CAD tool Microwave Office® design suite as har
monic balance simulator. Using harmonic balance we are able to simulate the complete circuit
and finding the diode impedance at a certain power leveL A matching circuit can be designed
for these specific impedances in order to achieve the optimum mixing properties. The MS825x
APDP Schottky diodes are used because they were easily available. Further, they are capable to
handle high frequencies (up to roo GHz).

3.4.1 Why using Schottky diodes for mixing purposes

The simplest semiconductor diode is the p-n diode, it is based on the interface of p- and n
type semiconductors. The semiconductor is most often silicon (Si), germanium (Ge), or gal
lium arsenide (GaAs). The most important diode suitable for microwave detectors, mixers, and
frequency multipliers however, is the Schottky diode. The Schottky diode (named after Ger
man physicist Walter H. Schottky) existed before any other microwave electronic device. The
galena detector used in crystal radios in the 1920S can been seen as the first Schottky diode fro].
The minority carriers (holes) playa negligible role and therefore a Schottky diode is very fast. Very
fast means that it can very quickly switch from a conducting state to a nonconducting state and
therefore it is very useful for mixing. The better the diode corresponds to an ideal switch operat-

2http:ttwww.mdtcorp.com
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ing at fLO, the more effective the frequency conversion is. GaAs-Schottky diodes are used up to
3 THz [II].

3.4.2 MS825x diode parameters

The MS825x is a GaAs flip chip anti-parallel pair Schottky device designed for use as harmonic
mixer element at frequencies up to IOO GHz and consist of two versions, namely the low Rs

(MS8250) and low Cs (MS825I) version. Before showing both 'equivalent circuit components
values', a short summary (which can be found in an Application Note on the manufacturing web
site) will be described to better understand the parameter values which will be shown later.

Figure 3.8(a) shows the cross section of the Schottky diode and Figure 3.8(b) the equivalent cir
cuit. The rectifying metal-semiconductor junction is modeled as a non-linear resistance (R]) and

EPI Layer

substrate

(a) Cross section

w

Rs

(b) Equivalent circuit

Figure 3.8: Schottky chip equivalent circuit

a shunt capacitance (C]). The capacitance which results from the contact metal extending be
yond the active region over the passivating oxide is modeled by Co. The elements RS1 and RS2

(Rs = RS1 + RS2 ) are a result ofresistive losses in the undepleted epitaxial and substrate layers re
spectively. The total series resistance (Rs) represents all the resistive losses and is approximately
given by (neglecting skin effects):

where 1 is the thickness of the undepleted epitaxial layer, /Le the electron mobility, No the donor
density in epitaxial or active layer, A is the area of the Schottky junction and Ps the substrate
resistivity.

The total capacitance is given by:



with Cp is the package capacitance and CJ the junction capacitance. The overlay capacitance (Co)
and the package capacitance (Cp ) are minimized (or even eliminated) for f 2:20 GHz.

The current versus voltage relationship for a Schottky (barrier) diode is given by the Richardson
equation [12]:

I = Is [exp(qV /17 . kT) -1],
where Is is the Saturation Current given by [12]:

where A is the chip area (cm 2), A* the modified Richardson constant [12], k Boltzmann's Constant,
T the absolute temperature, <PB the barrier height, q electronic charge and 17 is the ideality factor.
The barrier height (<PB) is an important parameter because it determines the LO-power necessary
to bias the diode into its non-linear region.

The 'equivalent circuit component values' of the MS825x (per junction) can be found in Table 3-1
and Table 3.2 for respectively the low Rs and low Cs design. These parameter values will be used
in the next paragraph.

Parameter: Is Rs N TT CJO Cp M EG VJ BV IBV
Units: A Q . Sec pF pF - eV V V A
Value: 3.2.10-13 3 1 0 0.045 0.02 0.50 1.42 0.85 4 1 . 10-5

Table 3-1: Equivalent circuit component values for the MS8250; low Rs design

Parameter: Is Rs N TT CJO Cp M EG VJ BV IBV
Units: A Q - Sec pF pF - eV V V A
Value: 3.2·10 )j 7 1 0 0.025 0.02 0.50 1.42 0.85 4 1 .10 5

Table 3.2: Equivalent circuit component values for the MS8251; low Cs design



3.4.3 Harmonic balance analysis

There are primary two non-linear circuit simulator methodologies available for RF circuit devel
opment [13]. These two methodologies approach the circuit simulation in two different methods.
The first method, SPICE transient, operates only in the time domain. The second method, Har
monic Balance (HB), operates primarily in the frequency domain. The benefit ofHB compared
to Spice, is that during a HB simulation the circuit is partitioned into linear and non-linear sec
tions. The linear sections are quickly simulated using frequency domain methods and only the
non-linear sections are simulated in the time domain. Therefore a HB simulator will be used to
match the MS825x APDP properly at a certain diode impedance for a given power level in order to
achieve the optimum mixing performance. Microwave CAD tool Microwave Office® design suite
will be used as harmonic balance simulator. Figure 3-9 shows the harmonic balance test-setup
for determining the impedances for several oscillator voltages, neglecting the IF-load.

In Figure 3-9 the SWPVAR-block will sweep the oscillator voltage. Further, there are two signal
sources (on the left the LO- and on the right the RF-source), two filters, two stubs (a shorted and
open stub) and the S UBCKT-block containing the 'equivalent circuit component values' of either
the low Rs or low Cs diode versions (these were given in the previous paragraph). The filter con
sisting of CI and L1 shown in Figure 3.9 will block the LO-signal and pass the RF-signal. The
second filter (L3 and C2) will do the opposite. The open and short stubs shown in Figure 3.7
are modeled by TLI (open stub) respectively 12 and TL3 (shorted stub) shown in Figure 3.9. A
realistic shorted stub can be modeled by a inductor (12) to ground (will be discussed in paragraph
4.8) and an open stub (TL3).
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Figure 3.9: Subharmonic mixer simulator setup



In this section the harmonic balance analysis for a subharmonic mixer will be described in or
der to obtain the optimum mixing performance. In this section we will use fw=5 GHz and
f RF=IO.15 GHz for the harmonic balance simulations. Using Equation (3.31) the it F will be 150
MHz. These frequency values will be used in the design and implementation of the 10 GHz
transceiver (Chapter 6). The same analysis can also be done for other frequencies (e.g. 60 GHz).
The optimum mixer performance is achieved when the conversion voltage gain has the maxi
mum value. Figure 3.10 shows the conversion voltage gain versus the oscillator voltage (Vosc) for
both the low Rs and low Cs diode pairs. The low Rs diode pair clearly needs a higher oscillator
voltage to achieve the optimum mixer performance and therefore the low Cs diode pair is rec
ommended in low power applications. Knowing the optimum oscillator voltage we can plot the
impedance versus the oscillator voltage in order to match the diode at the oscillator-side (figure
3.12(a)) and at the RF-side (figure p2(b)). Figure p2 shows the impedances for the LO-side and
RF-side of the diode pair. For the low Rs design the diode impedances are 9.251 - j 17.2Q at the
LO-side and at the RF-side 6.769 - jl1.24Q. For the low Cs design respectively 17.83 - j74.65Q
and 41.95 - j 111.7Q. Normally, matching these diodes to 50Q ports with microstrip lines can
be a time consuming task, but with the help of Microwave Office (or other software tools) it is
possible to tune the microstrip line into the correct values. Figure pI is used as tuning model
which has enough parameters to tune at the correct impedance value.
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Figure po: The conversion voltage gain vs oscillator voltage
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Figure 3-Il: Microstrip line matching model

3.5 Conclusions mixer building block

[] oPEN

In this chapter a subharmonic mixer has been described and by using harmonic balance analysis
we have been able to design a matched circuit (for a certain La power level) in order to achieve
the optimum mixing properties. Two GaAs anti-parallel pair Schottky diodes (low Rs and low Cs
design) which perform the actual mixing were analyzed. The low Cs design requires less LO
power and is therefore preferred in low power applications. Both diode versions will be used to
realize the 10 GHz and 60 GHz transceivers.

This analysis can also be used to design a subharmonic mixer at other frequencies and with other
diodes.
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Chapter 4

Microstrip lines

4.1 Introduction

The generation and processing of signals for a broad frequency range (below 1 GHz to beyond 60
GHz) can be achieved in microstrip circuits, using elements constructed from microstrip trans
mission lines and combined with semiconductor components. Figure 4.1 shows a microstrip
transmission line on a Printed circuit Board (PCB). Both sides of the PCB can be copper and a
photolithographic technique is used to etch the microstrip line patterns on the copper-clad sub
strate. The popularity ofmicrostrip structures on PCB are immense these days due to easy placing
of components (e.g. transistors, chips, capacitors etc.), low volume and mechanically robustness.
Besides this, microstrip lines can also be used as circuit components; for example as: antennas,
filters, couplers, phase shifters and impedance matching circuits. As with any transmission line,
the characteristic impedance of a microstrip line is dependent on its physical characteristics. A
wide variety of approximations (closed form expressions) of the characteristic impedance have
been presented in the literature and will be discussed in this chapter. With these closed form ex
pressions it is possible to accelerate the design process (commercially available full-wave methods
will-in general- take too much computation time). These formulas can be easily programmed in
software (e.g. Matlab®) and will be used in the next chapters in order to design filters and other
structures in microstrip technology.

4.2 Microstrip structure

A popular transmission line is microstrip which can be fabricated with standard printed-circuit
processes. Microstrip is simply a flat conductor separated from a ground plane by an insulating
dielectric material. A simple single-track microstrip line is shown in Figure 4,1. As illustrated in
Figure 4.1 the transmission line consist of a narrow strip conductor (A) of width wand thickness
t separated by a dielectric substrate (B) of thickness h. The upper dielectric (D) is typically air
and conductor (C) is used as ground (also called groundplane). There are two main parameters
that need to be known to a certain degree of accuracy for building a new microwave circuit, these
are the loss tangent (tan 8) and the relative permittivity (dielectric constant £,). The choice of
substrate is very important because different substrates will have different relative permittivities
and loss tangents. The microstrip line is an inhomogeneous transmission line since the field



h

c

Figure 4.1: Microstrip structure

lines between the strip and the ground plane are not contained entirely in the substrate [14]. In
other words, the microstrip line structure is inhomogeneous because the fields in the microstrip
extend within two media; air above and dielectric below. Due to this inhomogeneous nature,
the microstrip does not support a pure transverse electromagnetic (TEM) wave. The fundamen
tal mode of propagation for this type of planar waveguide is often referred to as a quasi-TEM
because of its close resemblance to a pure TEM mode. In the next paragraph the Quasi-TEM
approximation will be described and the prove of the non-existence of TEM-waves in microstrip
transmission lines can be found in Appendix A.

4.3 Quasi-TEM approximation

Although the microstrip transmission line has been known since the early 195os, it took a while
for this transmission line to become accepted. The reason for the initial dislike was due to the
excitation of radiation and undesired modes caused by discontinuities in transmission lines [15].
The development of high dielectric constant material made it possible to bind the fringing fields
more tightly to the strip conductor, thus decreasing radiation loss and at the same time, decreas
ing circuit dimensions. These developments have led to the widespread acceptance nowadays of
the microstrip transmission line. Any transmission line which is filled with an uniform dielec
tric can support a single, well-defined mode of propagation [16], for a two-conductor transmission
line a Transverse Electro Magnetic (TEM) wave mode. Unfortunately, the microstrip transmission
line does not support a TEM-mode, but rather a hybrid TM-TE-wave [17]. However, since most
of the energy is transmitted in the area confined by the strip and the ground plane, see figure
4.2, the field distribution quite closely resembles that of a TEM field distribution and may be
described as TEM, using an effective permittivity ([15],[16],[17]) that is a weighed average of the
substrate permittivity and the permittivity surrounding the system, which is usually air. The field
distribution is called quasi-TEM.
In the years 1960 till around 1980 researchers formulated closed form expressions in order to
calculate the characteristic impedance and the effective dielectric constant which will be described
in the next paragraphs.



Figure 4.2: Transverse cross-sectional view ofa microstrip transmission line, showing the (fringe)
electric fieldlines in the substrate Cr and in air cO

4.4 The microstripline static model

Closed form expressions for microstrip line parameters have been developed from the results
of conformal transformation methods! of Wheeler [19] and Schneider [20], for narrow-strip and
wide-strip geometry. Hammerstad [21] used the Green's function technique [22] in the year 1975
to test the closed form expressions against more accurate computational results for mid-range
strip geometries [23]. Five years later, Hammerstad and Jensen [24] presented revisions and
expansions of the closed form expresions in [21]. This resulted in more accurate but still simple
equations for both single and coupled microstrip lines electrical parameters (impedance, effective
dielectric constants).
By plotting the characteristic impedance versus the normalized strip width (w / h) according to
Wheeler [19], Schneider [20] and Hammerstad and Jensen [24] with the dielectric constant Cr =
9.8 (fixed) we are able to compare the results with the full-wave analysis (figure 4.3). We can
see in in figure 4-3 that the results of Hammerstad and Jensen [24] are close to the full-wave
simulation results. Since experiments have learned us that the full-wave results may be regarded
as valid substitute for reality, the figure shows us that the results of Hammerstad and Jensen
are closest to reality. The closed form expressions of Hammerstad and Jensen will be discussed
in the next paragraphs in order to calculate the microstrip electrical parameters as mentioned
before. Important to note is that these formulas are frequency independent (zero frequency) and
are based upon an infinite thin microstrip line (t = 0).

4.4.1 The effective dielectric constant

The closed form expressions by Hammerstad and Jensen [24] can be used to calculate the effective
dielectric constant and the characteristic impedance for microstrip lines. The effective dielectric
constant is needed in the next paragraph in order to calculate the characteristic impedance.
As mentioned before the mode of propagation along the microstrip is a quasi-TEM and for this

!This is purely algebraic and does not involve any large scale numerical operations [18]
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mode of propagation the phase velocity is given by [14]:

e
vp = --,

Jcell

where Cell is called the effective dielectric constant and e is the speed oflight (e = II JcOJLO ~

3· 108ms- 1
) in vacuum. The effective dielectric constant Cell is lower than the dielectric constant

of the substrate Cr and takes into account the fields external to the substrate [14]. In other words,
for dielectrics where relative permittivity Cr is larger than one (cr > I), the effective dielectric
constant Cell is taken to replace the relative permittivity Cr to compensate for the mixed dielectric.
The wavelength of the line will be given in terms of the free-space wavelength Ao:

Ao
A=--,

Jcell

with AO = ell, where e is the velocity oflight and I the frequency in Hertz.

The static effective dielectric constant of a microstrip can be calculated as follows [24]:

cr + I cr - I ( 10) -ab
cell(O) = -2- + -2- 1 +~ ,

with u = wlh, where Cr = c/co is the relative permittivity of the dielectric, w is the width of
the microstrip line and h the thickness of the substrate. The zero argument of Cell means zero
frequency indicating a static effective dielectric constant. The quantities a,b (in Equation (4-3))



are defined by [24]:

a(u)

The accuracy of these formulas is better than 0.2% at least for Cr < 128 and 0.01::: u ::: 100 [24].
The quantity a(u) is plotted in Figure 4.4 as function of the normalized strip width u. The limit
of a(u), as u approaches 0 is negative infinity:

lima(u) = -00.
u=o
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-:J-cu
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Figure 4+ Quantity a(u) versus the normalized strip width (u=wjh)

4.4.2 The characteristic impedance

The static characteristic impedance (frequency independent) is given by [24]:

2(0) = 2FO . In [f(U) +)1 +4].
2rr . .jce!!(O) u u2

In which the function f(u) is defined by [24]:

[ (
30.667)0.7528]

f(u) = 6+ (2rr - 6)· exp - -u- ,
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where ZFO is the characteristic impedance offree space (J /Lolco ~ 120nQ), u is the strip width
normalized with respect to substrate height (u = wi h) and the argument 0 refers again to zero
frequency, Le. static values. The obtained accuracy gives errors at least less then those caused by
physical tolerances and is better than 0.01% for u .:::; I and 0.03% for u .:::; 1000 [24].

Figure 4.5 and 4.6 show the thus calculated effective relative permittivity (cr) respectively static
characteristic impedance (Z(O)) as function of normalized stripwidth (wi h) for several popular
dielectric materials, like FI4 and Duroid. In the figures we can see that the effective dielectric
constant respectively the characteristic impedance, varies with respect to the normalized strip
width.
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Figure 4.5: The effective dielectric constant versus the normalized stripwidth

4.4.3 Strip thickness correction

The formulas given for the quasi-static effective dielectric constant and characteristic impedance
in the previous paragraph are based upon an infinite thin microstrip line (t = 0). A finite thick
ness t can be compensated for a reduction in width [24]. That means that a strip having width w
and finite thickness t appears to be a wider strip having thickness zero. The strip thickness cor
rection was described by Wheeler [25] and later modified by Hammerstad and Jensen [24], which
resulted in better accuracy for narrow strips and for substrates with low dielectric constants. For
the homogeneous media the correction is [24]:

6 u 1 = ~ In (1 + _--:;;-4_e;::::=====:=)
n 1 coth2 J6.517u
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where t is the strip thickness and u the strip width normalized with respect to substrate height
(wi h). For the mixed media the correction is [24]:

/::'u, = 0.5 (1 + IICOSh~) /::'UI

By defining correction strip widths, U I = U + /::'Uj and u, = U + /::'u" the effect of strip thickness
may be included in the Equations (4.3) and (4.7).

The characteristic impedance is now given by [24]:

2'(0) = 22(0) ,
j82e//(0)

where 22(0) is 2(0) in Equation (4.7) and 82e//(0) is 8e/f(0) in Equation (4-3), where U is replaced
by u,.

The effective dielectric constant is now given by [24]:

, (23(0»)2
8e//(0) = 82e//(0) 22(0) ,

where 23(0) is 2(0) in Equation (4.7) where U is replaced by U\.
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1.96

4.5 Dispersion

In the previous paragraphs the Quasi-static approximations of the effective dielectric constant
and the characteristic impedance were discussed. In this section the frequency dependency will
be taken into account and this frequency dependency is called dispersion. Dispersion refers to
the property of microwave transmission lines that they have different group velocities for dif
ferent frequencies. The frequency dependency (dispersion) of the the effective dielectric con
stant and the characteristic impedance of a microstrip line results from the non-TEM nature
(in-homogeneity) of the mode of propagation along the microstrip [26].

4.5.1 Frequency-dependent effective dielectric constant

Dispersion can have a strong effect in microstrip transmission lines. Typically, as the frequency
becomes higher, the effective dielectric constant (Cell) increases. Several dispersion models for
the effective dielectric constant were investigated and results are plotted in Figure 4.7 as function
offrequency. Ifwe look in the figure 4.7 we can see that the Schneider [27] and the Kobayashi [28]
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Figure 4.7= Comparing different dispersion models

models result into lower effective permittivity (ce.U) than the other models. The Hammerstad and
Jensen model [24] is very close to the results ofthe Kirschning and Jansen model [29]. Pramanick
and Bhartia [30] result in a higher value ofthe effective permittivity versus frequency. Atwater [31]
tested the above models relative to an assemblage of measured data values for the frequency de
pendency of the microstrip effective dielectric constant. Atwater [31] compared the above models
for the frequency-dependent effective dielectric constant (cell(f») with 120 data values that have
been selected from a wide range of publications. Atwater concluded that the closed-form design
equations of Kirschning and Jansen [29] resulted in the lowest average deviation from the mea-



sured results and therefore this model will be used. The frequency-dependent effective dielectric
constant is stated below [29].

where
P(f)

and

PI

Cr - ceff(O)
C --_....:...:....-
r 1+ P(f)

[
0.525]0.27488 + 0.6315 + 20 u-

(1 + 0.0157 In)
0.065683 exp (-8.7513u)

0.33622[1 - exp(-0.03442cr)]

O.0363exp(-4.6u) I'-exp [ - (3~:7)497]l
1 + 2.751 {I - exp [- (15~~16)8]}

(4.15)

(4.16)

(4.17)

In is the frequency normalized with respect to the substrate height:

In=l·h [GHz·mm]

The dispersion model shows that frequency-dependent effective dielectric constant ceff(f) in
creases with frequency and ceff(f) = Cr for frequency I reaching infinity.

4.5.2 Dispersion of the characteristic impedance

As with dispersion effects on the effective dielectric constant, Kirschning and Jansen have pub
lished detailed expressions for the characteristic impedance Z(f). based on data generated by
full-wave solutions. The dispersion of the characteristic impedance according to Kirschning and
Jansen is given by the following set of equations [32]:

(R ) RI7Z(f) = Z(O) ~ (4.20)
R I4

R, = 0.03891c;.4 (4. 21)

R2 = 0.267u7 (4.22)

R3 = 4.766 exp(-3.228uo.64I ) (4.2 3)

R4 = 0.016 + (0.0514cr)4.S24 (4. 2 4)

Rs ( In )'2 (4-2 5)=
28.843

R6 = 22.2u 192 (4-26)
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R7 - 1.206 - 0.3144exp(-R,)[1 - exp(-R2)] (4-27)

Rg 1+ 1.1275 [I -exp ( -O.OO4625R3£:674 C8~65),745)] (4-28)

R9 - 5.086R
4

Rs exp(- R6) (cr - 1)6
(4-29)

0.3838 + 0.386R4 1 + 1.2992Rs 1 + 10(cr - 1)6

RIO = 0.00044c;,136 + 0.0184 (4-3°)

( )6-k-
19.47

(4-31)R 11 =
1+ 0.0962 ( J~7 ) 6

1
R I2 = (4-32)

1 + 0.00245u2

R13 - 0.9408ce//(fn)RS - 0.9603 (4-33)
R I4 = (0.9408 - R9)ce//(0)RS - 0.9603 (4·34)

( f, Y'097R1s = 0.707 RIO _n_ (4-35)
12.3

R'6 = 1 +0.0503c;R 11 [I -exp (- C~)6)] (4.36)

R I7 = R7 [1 - 1.1241 R'2 exp(-0.026in1.lS6S6 - RIS)] (4·37)
R16

The parameters used in these expressions are in for the normalized frequency as denoted in eq.
(4.19) and u = w/h, the microstrip width normalized with respect to the substrate height. The
terms 2(0) and ce//(O) denote the static values (Equations (4-II) respectively (4-12)).

Figure 4.8 shows the impedances for different dispersions models as function of frequency, with
the microstrip dielectric constant (cr ), height (h) and the line width (w) fixed. We can see that this
substrate suffers from dispersion. Ifwe look (in the detailed graph on a log-scale) in this figure we
can conclude that the 'Hammerstad and Jensen' dispersion model shows a good agreement with
the full-wave solver till around 20 GHz and at higher frequencies the 'Kirschning and Jansen'
dispersion model gives better results. However, using a thinner substrate (shown in figure 4-9)
the differences ofall models compared to the full-wave solution are almost negligible. This figure
also shows that at high frequencies thinner substrates are recommended for front-end designs,
since this will give less dispersion effects.

In order to prevent higher-order (orthogonal) modes in the microstrip structure, we should
choose the width (w) and the substrate height (h) carefully. This means that the width and height
should be less than a quarter wavelength.
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Figure 4.8: The effect of dispersion [Z(O) = son, w(fixed) = 3mm). With in upper left comer a
detailed plot on a log-scale

4.6 Microstrip losses

At microwave frequencies it also becomes necessary to take into account the losses in microstrip
lines. The attenuation of a microstrip line consists of conductor (ohmic) losses (ac ), dielectric
(substrate) losses (ad), losses due to radiation (a,) and propagation of surface waves and higher
order modes (as). The total amount ofmicrostrip losses can be expressed as alOl = ac+ad+a, +as
[dB/m). The main loss components ofa single microstrip line are the dielectric loss and conductor
loss [33) and are due to the dissipation in the microstrip structure.

The dielectric loss [dB/m) can be calculated as follows [33):

where Ao is the free-space wavelength (Equation 4.2), Cejj(O) the static effective dielectric constant
(Equation 4.3) and tan 0d is the loss tangent of the dielectric material. The dielectric losses can be
improved by using better dielectric material.
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corner a detailed plot on a log-scale

The conductor loss is given by [24]:

Rs--KK·
Z(O)w r I

p

o

K, ~ 1 + ~ arcffin (14 (~y)
( (

Z(0))0.7)
exp -1.2 -

ZFO

where Rs is the skin resistance, p the specific resistance of conductor, 0 the skin dept, K r the
correction term due to surface roughness, K; the current distribution factor, ~ the effective (rms)
surface roughness of substrate (for a smooth surface ~ = 0) and ZFO the characteristic im
pedance of free space (given below Equation 4.8).

The skin depth is given by [34]:
1

0= ,
..jJT fLat



where /.L is the conductor magnetic permeability (/.La
[S/m] and f the frequency [Hz].

4JT . 10-7 [H/m)), (J bulk conductivity

Calculating the total loss for a smooth FR4 substrate (cr = 4.3, tan 8 = 0.002, t = 35/.Lm, h =
1.6mm and with Z = 50Q) for three frequencies (2.4 GHz, 10 GHz and 60 GHz) using all the
above equations, resulted in respectively LIS dB/m, 4.05 dB/m and 23.77 dB/m. Therefore, in
order to decrease the total loss we have to choose another substrate at higher frequencies (e.g.
using a thinner substrate with a lower loss tangent).

4.7 Discontinuities

Discontinuities are changes in the cross-section of a transmission-line, examples are a bend or
comer, a junction of three transmission lines (T-junction), an open ended line etc. Any change
in the cross-section of a transmission line will disrupt the electric and magnetic fields and this
will lead to localized energy storage. That's why the discontinuities and their effects must be
taken into account in the circuit design. The discontinuities are mostly modeled as capacitor and
inductor components, the precise format is of course depending on which type of discontinuity
is considered [14]. A step in width discontinuity has for example fringing electrical fields from
the edge of the step which may be represented as a shunt capacitance to ground [35]. Microwave
CAD programs like Microwave Office® design suite2 have integrated discontinuity libraries with
validated models that describe them, thus the effect is readily taken into account in the design
process.

4.7.1 Microstrip corner

Corners are required, not only for the convenience of improving the usage of a given substrate
area, but also for making, for example, a directional coupler where it is necessary to bring two
lines into close proximity for a known electrical length.

R1:+------
reference

: planes

! I
~~.............-,r-------- ---

~

auxiliary _

planes

(a) (b)

Figure 4.10: the geometry of a microstrip comer and its equivalent circuit

2 http://web.appwave.com/



The equivalent circuit for a microstrip comer without a miter is shown in figure 4.10 and the
values of the components can be calculated as follows [36]:

C[pF] = h[OO.35£, + 2.5)u 2 + (2.6£, + 5.64)u]

L[nH] = 220h[I-1.35exp(-0.18u1.39)]

where u = wi h, h is the thickness of the substrate and w the width of the microstrip line.
These formulas are valid for 0.2 .::: u .::: 6, 2.36 .::: £, .::: lOA up to 14 GHz with a precision of
approximately 0.3%.

The comer may be considered to have either insufficient inductance or excessive capacitance. It
is therefore necessary to either reduce the comer capacitance by mitering the comer in order to
obtain a low reflection from the comer [36] and thus improve the return loss or to increase the
comer inductance with a narrow slit in the line [37] (both methods are illustrated in figure 4.11) .

The equation for the microstrip comer with a 50% miter is given by [36]:

C[pF] = h[(3.93£, + 0.62)u 2 + (7.6£, + 3.80)u]

L[nH] = 440h[1-1.062exp(-0.I77uo.947
)]

where u = wi h, h is the thickness of the substrate and w the width of the microstrip line.

Both models have an accuracy of 0.3% and are valid for the frequency range up to 14 GHz [36].

:~ y .:
r---------........::---------i::~-

(a) decreased capacitance (mitered bend) (b) increased inductance

Figure 4.11: compensation techniques for a microstrip comer

The percentage miter -as can be seen in figure 4.II(a)- of the comer is defined by Douville [38] as:

x
M = - ·100%

d

The percentage miter can be calculated by [38]:

M[%] = 52 + 65exp(-1.35u)

the formula is valid for 2.5 .::: £, .::: 25, U :::: 0.25 where U can be found in Equation (4.3). The



optimum miter was found by Douville [38] and is approximately 30 percent (for an alumina sub
strate).

4.8 The inductance of a via hole

An option to create a short circuit (connection to the ground plane) is by using vias. Via holes are
made by drilling holes in the substrate and later on depositing metal electrolytically on the cylin
drical surface of these holes. The main parasitic associated with the hole itself is the inductance
to the ground and be given by [39]:

/1-0 [ (h+Jr
2

+h
2

) 3 (J )]Lvia = 2rr h· In r + 2 r - r2 + h2

where h is the substrate height and r is the radius of the hole.

Since this inductance equation is not frequency dependent we should resort to full-wave methods
for high frequencies. The equation shows that a via hole is predominantly a inductance rather
then a (real) short circuit. Other solutions to create a short circuit will be discussed in the subse
quent chapters.

4.9 Conclusion

In this chapter closed form expressions for the effective dielectric constant and characteristic im
pedance of a microstrip line were discussed. These expressions can be easily programmed and
will accelerate the design process. The commercially available full-wave methods will -in general
take too much computation time and can be used in a later stage to verify the design.
In the first paragraphs the frequency dependency (dispersion) was not taken into account, how
ever it has to be taken into account for high frequencies (f > 1 GHz). Typically, as the frequency
becomes higher, the effective dielectric constant and characteristic impedance will increase. In or
der to decrease the dispersion effect, thinner substrates have to be used. Also, to prevent higher
order (orthogonal) modes in the microstrip structure, we should choose the width (w) and the
substrate height (h) carefully. This means that the width and height should be less than a quarter
wavelength. Microstrip losses were also discussed and can have influence on the performance,
however the total loss can be decreased using another substrate (e.g. using a thinner substrate
with a low loss tangent). Microstrip comer was also discussed and due to the geometry of the
bend, excess capacitance is formed causing a discontinuity. In order to reduce the capacitance
a mitered bend could be used and is preferred for higher frequencies to obtain low reflections
(thus improve the return loss). Also, the influence of a via hole in the substrate was analyzed
and despite the equation is not frequency dependent, it showed that a via hole is predominantly
a inductance rather than a (real) short circuit.
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Chapter 5

Microstrip filter design

5.1 Introduction

Filters can be seen as two-port networks used to control the frequency response in an RF-system
by allowing transmission at frequencies within the passband of the filter, and attenuation within
the stopband of the filter. Common filter responses are low-pass, high-pass, band-pass, and band
stop. Filters are essential components in wireless system, for example, to attenuate undesired
mixer products and to limit the bandwidth of the radiated signal. In this chapter, bandpass and
bandstop (stub filters) and coupled line bandpass filter designs will be described because they are
needed for designing the transceivers.

5.2 Stub filters

A stub is a section of a microstrip line, which is terminated with either a short circuit or an open
circuit as shown in Figure 5-1. Stubs can either be put in shunt or in series with another trans
mission line. The stubs shown in the basic microstrip model of a subharmonic mixer (Figure 3.7)
are shunted stubs. These will be briefly described in this paragraph.

The input impedance Zin of a line that has a characteristic impedance Zo and length I and is ter
minated with a load impedance ZL, can be calculated by the general transmission line Equation
[231:

[
ZL + j Zo tan(l')]z· - Zo

In - Zo + j ZL tan(l') ,

with I' = f31 being the electric length ofthe line with f3 = 2n / A and I the transmission line length.
Assuming that the load of the shorted stub is a perfect ground, the load impedance ZL = O. It
is infinite (ZL = (0) for a perfect open stub as shown in Figure 5.1. The input impedance of for
example a 90 degree line open stub could now be calculated using Equation (5-1). A 90 degree
line means that I' in Equation (5-1) is n /2 (90 degree = n /2 rad) and this results in a stub length
I of 1/4A. The tan(l') term in Equation (5-1) will result in infinity, thus in order to calculate the
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Figure 5-1: Microstrip shorted and open stubs

input impedance we have to use the limit function with x = tan(rr /2):

Repeating these steps for a 1/2,1,. long open and shorted stub transmission line, this will result in
Zin = 00 respectively Zin = O. With a stub we are able to filter or pass a specific frequency. Let
for example the local oscillator frequency in Figure 3.7 be 5 GHz and using an open stub with a
length ofa quarter of the wavelength of the local oscillator frequency (1 = 1/4Aw), this stub is
a short circuit at 5 GHz. This means that the open stub will suppress this frequency. Using the
same stub length and doubling the local oscillator frequency, the impedance will be infinite and
therefore this frequency will be passed. The working of this stub can be visualized by using a
Smith® Chart! as shown in Figure 5.2. Because in a subharmonic mixer the radio frequency (RF)
is two times higher than the local oscillator (LO), the shorted stub has to be 1/2ARF in order to
shorten the diodes at this frequency at the LO-side. As a result, when using these lengths for the
stubs the diodes shown in Figure 3.7 will be grounded either by the open stub or shorted stub.
Therefore the leakages of the LO-power to the other ports is suppressed by the open stub, and
the leakages of the RF-power to the other ports is suppressed by the shorted stub. These stubs
lengths will be used in designing the transceivers in Chapter 6.

5.3 Microstrip bandpass filter

Although the physical realization of filters at RF/microwave2 frequencies may vary, the used filter
types are common to all. The common filter types include Butterworth, Chebyshev and Bessel,
with each ofthem having their own distinct advantages (e.g. Butterworth have a maximally flat re
sponse) . There are several bandpass filter designs like the Interdigital, the Shunt-stub resonators,
the Pseudo-combine and the Hairpin-Line. The designs and examples of these microstrip filters
are described in [40]. In order to accelerate the design process we used the Nuhertz3 filter tool
integrated in Microwave Office® design suite. As described in the previous Chapter, a via hole is
predominantly an inductance rather than a real short-circuit. For this reason we want to avoid, if
possible, vias. This leads to the conclusion that only the Hairpin-line bandpass filter can be used

! SMITH® is a Registered Trademark of Analog Instrument Co. Explanation of a Smith Cart can be found for
example in [231, but also in other microwave textbooks.

2The term microwaves may be used to describe electromagnetic (EM) waves with frequencies ranging from 300

MHz to 300 GHz, which correspond to wavelengths (in free space) from I m to I mm. The EM waves with frequencies
above 30 GHz and up to 300 GHz are also called millimeter waves because their wavelengths are in the millimeter range
(1-10 mm).

3Nuhertz Technologies, LLC®, http://www.nuhertz.com/
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Figure 5.2: The Smith chart of a 90 degree open stub

because no vias are required. This filter will be implemented and measured in Chapter 6.p and
is shown in Figure 6.6.

5.3.1 Coupled line band pass filter

The theory of operation of coupled strip line filters and directional couplers, and presents infor
mation from which these components may be easily designed is found in [41]. For microstrip the
phase velocities are different due to the field lines in and out dielectric. The theory is therefore
corrected for microstrip [42] and will be described in the next paragraph. Later on, an one-section
coupled microstrip line bandpass filter will be presented using this theory. The required rejection
band and pass-band microstrip filter characteristics for the several transceiver front-ends, may be
obtained by cascading several of these sections.

47



5.3.2 Corrected theory for microstrip

The general physical configuration of coupled microstrip lines to be considered in this section
is shown in Figure 5+ The behaviour of these coupled microstrip transmission line can be de
scribed by means of the impedance matrix and will now be derived. Consider the coupled lines
in Figure 5.3, where two transmission lines are supported midway and are driven by a set of
constant-current generators at each end. Four current generators i] /2 energize the even or unbal
anced mode on a general transmission structure will produce voltages on the two conductors in
the form of[41]:

. . cosk(l- z)
Val (z) = Vb) (Z) = - }Zoe l ] sin(kl) , (5·3)

where Zoe is the characteristic impedance of one wire to ground with equal currents in the same
direction and I the length of the line. For the even-mode the k-term in Equation (5-3) will be
now corrected for microstrip. The k will be denoted further on as f3e for the even mode, where
f3e = ~ = 2rr7. For microstrip, Equation (5.3) will now be described as:

e 0

. . cos[f3e(l - z)]
va) (z) = Vb, (Z) = - }Zoe l [ sin(f3el)

Likewise, the currents generators i3/2 produce voltages on the two conductors:

. . cos(f3ez)
va) (z) = Vb) (Z) = - } Zoel3 sin(kl) ,

(5·4)

(5·5)

The current generators i2 and i4 produces odd or balance voltages on the lines. As mentioned
before the phase velocities for even and odd mode are different in microstrip, due to field lines in
and out dielectric. Therefore we will introduce f30 for the odd mode, where f30 = ~: = 2rr~ •

The voltages are now given by:

. . cos[f3o(l- z)]
- Vb2 (z) = - } Z oo l2 sin(f3ol) ,

and
. . cos[f3o(z)]

Va4 (z) = -Vb4 (z) = - }Zoo l4 sin(f3ol) , (5·7)

where Zoo is the characteristic impedance of one wire to ground with equal currents in opposite
directions.

The mode currents in terms of the port currents are given by [41]:

1
(5.8)i J = -(II + h)

2
1

i2 = -(II - h) (5·9)
2
1

i3 = -(14 + h) (5.10)
2
1

i4 = -(14 - h). (5·n )
2
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The voltage at port 1 till port 4 are given by [41]:

VI = (val + Vaz + Va3 + Va4 ) Iz=o
V2 = (Vbl + Vbz + Vb) + Vb4) Iz=o

V3 = (Vbl + Vbz + Vb3 + Vb4) IZ==l

V4 = (Val + Vaz + Va3 + Va4 ) Iz=1 .

(5.12)

(5-13)

(5.14)

(5.15)

When the Equations (5.4)-(5.7) and (5.8)-(5-11) are substituted in the Equations (5.12)-(5-15), we
are able to find the impedances of all the ports:

.:. .:.

Figure 5.} Notation used in deriving the impedance matrix of coupled microstrip lines
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If we used this theory for one-section bandpass filter shown in Figure 5.4, the impedance matrix
can be simplified. Namely port 2 and 4 are now open, which means that the current at these ports
are zero and the impedances will be infinite. For the one-section bandpass filter the impedances
are:

Z13

j
= Z33 = -2[Zoe cot(ee) + Zoo cot(eo)]

j
= Z31 = -2[Zoe csc(ee) - Zoo csc(eo)]'

port 2 port 3

port 1 port 4

Figure 5+ Coupled line band pass filter

Other microstrip filter structures could be designed using this theory and the filter respons fig
ures in [41]. The coupled microstrip line transmission impedances Zoe and Zoo can be found
according to the parallel-coupled lines theory. The gap can be found using the equivalent circuit
for a gap and may be represented as a n-network of capacitors. The parallel-coupled lines theory
and the gap represented as a n-network are described in [23]'

The microstrip values of Zoe, Zoo and the above theory is implemented in software and verified
using a full-wave analysis. This shows that the gap between the coupled microstrip lines is a
deciding factor for the passband loss.

5.4 Conclusion

In this chapter we discussed bandstop and bandpass filters which will be used in the designs
of the transceivers in the next chapter. Using stubs in subharmonic mixing designs have the
advantage of rejecting with the same stub for example the local oscillator and passing the two
times higher radio frequency (remember: IRF = 2Iw). An important conclusion is that the
leakages of the LO-power to the other ports are suppressed by the open stub, and the leakages of
the RF-power to the other ports are suppressed by the shorted stub.
Bandpass filters are required in the transceiver architecture shown in Figure 2.2 and can be
realized using a filter design tool. There are several bandpass filter types, however, in order to
avoid vias in the design, the Hairpin bandpass filter is used. In this chapter also a bandpass
microstrip filter analysis is described. Based on this theory, a small gap between the coupled
microstrip line is recommended to decrease the passband loss (attenuation).
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Chapter 6

Transceivers

6.1 Introduction

All the preceding chapters will be used in order to design and implement several transceivers.
The transceivers will be designed and implemented in PCB technology with exception of the
mixer. The PCB technology provides a low-cost and particulary compact way of realizing com
plicated circuits. The complete transceiver circuits could be designed and implemented in the
MM(IC)I technology, however this technology was not available at TNO Eindhoven and therefore
we had to rely on the PCB-technology. To understand and to verify the operation ofa subhannonic
mixer, a basic subhannonic mixer will be designed first and implemented at a radio frequency
(RF) of 2-4 GHz using FR4 as substrate. The next paragraphs will discuss 10 GHz and the 60
GHz transceivers using subharmonic mixers with in-phase and quadrature-phase channels. The
Microwave Office® design suite will be used as Microwave CAD program to make it possible to
verify the microstrip structures.

6.2 2.4 GHz transceiver using a subharmonic mixer

The basic circuit and microstrip model ofa subharmonic mixer for down-conversion is treated in
Paragraph 3-3-2. In this section we will use this microstrip model and demonstrate the operation
of the subharmonic mixer, using the transceiver now as up-converter. The microstrip structure
of the 2.4 GHz transceiver using two anti-parallel diode pairs (APDP) in order to obtain subhar
monic mixing is shown in Figure 6.1. This front-end architecture has been fabricated (etched)
on a RF4 substrate with a dielectric constant (cr ) of4.4 and a substrate thickness (h) of 1.6 mm.
The microstrip lines dimensions have been detennined on the basis of the theory presented in
Chapter 4 and the stubs according to Chapter 5.

The two stubs in Figure 6.1 act as filters and have a specific length. The shorted stub has a length
of half the wavelength of the RF-frequency and for the open stub a quarter wavelength of the
La-frequency. The shorted stub blocks the radio frequency (RF) and the low frequencies (DC
signals). The open stub will filter the La frequency. The RF and La leakages are tenninated by

IMMIC = Monolithic Microwave Integrated Circuit



the stubs and, therefore, the conversion loss of this mixer will be minimized. The short and open
stubs have a 45 degree bend to minimize cross-talk and is shown in Figure 6.1.

LO•••••••

~~~open
~ ~ stub

1/4ARF

RF

IF

Figure 6.1: Microstrip structure of the 2.4 GHz transceiver

6.2.1 Approximate and 'full-wave simulation

The characteristic impedances of all the microstrip lines in Figure 6.1 are 50 Ohm because the
measurement equipment will be also 50 Ohm. Equation (4.7) or Figure 4.6 make it possible
to find the microstrip width to achieve a characteristic impedance of 50 Ohm. The verification
of the calculated microstrip stubs was done with a Microwave CAD program. Microwave CAD
programs have integrated microstrip models, as shown in Figure 3.11. These models will give
quick simulation results and are called approximate simulation results and can be verified using
a the full-wave solver. Figure 6.2 shows the approximate and full-wave simulation results of the
open and shorted stub. The approximate simulation gives a good agreement with the full-wave
simulation. Figure 6.2(a) shows that the shorted stub will suppress the lower frequencies and
the 2.4 GHz radio frequency. The open stubs results shown in Figure 6.2(b), shows that the
local oscillator frequency (1.2 GHz) is blocked and the radio frequency will not be blocked. The
filtering effect of the stubs are confirmed by the simulation results and the structures can be
etched on RF4 substrate. The next paragraph will describe the measurement results of the 2.4
GHz transceiver.
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Figure 6.3: 2.4 GHz transceiver test setup with a IF of144 MHz

6.2.2 Measurement results

Figure 6.3 shows the measurement test setup for the 2.4 GHz transceiver. The test setup contains
of a HP Network Analyzer 8753D to generate a 1088 MHz LO signal, a Yeasu FT817 transmitter
at 144 MHz to generate a IF (baseband) signal and a HP 8593E spectrum analyzer to analyze
the RF output. Before placing the APDP, the IF- and RF-port were measured with the network
analyzer and compared with the simulation results. The results are plotted in Figure 6-4 and the
measurement corresponds well to the simulation results.

The Agilent HSMS-286C and Macom MA4E2054 are used as APDP. By manually tuning the power
level of the LO-signal, the optimum mixer performance can be obtained. Both diodes give the
same results, however the latter diode required more LO-power. The RF spectrum of the 2.4
GHz transceiver, used as up-converter, is shown in Figure 6.5. The spectrum shows the radio
frequency (at 2· fLO, with fLO = 1088 MHz) and two sidebands both 144 MHz (the IF baseband
signal) separated from the radio frequency.

6.2.3 Conclusion

In this paragraph the operation of the 2.4 GHz transceiver used as up-converter with a two times
lower LO-frequency has been successfully demonstrated. The analytic results of the stubs are in
good agreement with the simulation results (shown in Figure 6.2). The measured data of the
two ports (IF and RF) without diode corresponds well to the simulation data. This means that the
used close form expressions ofthe characteristic impedances are in corresponding with the actual
measurements. An anti-parallel diode pair is used as the subharmonic mixer and the optimum
mixer performance could be obtained by manually tuning the LO power level.
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6.3 10 GHz transceiver using I/O-channels

The 2.4 GHz transceiver discussed in Paragraph 6.2 contains one port, the IF-port, to transmit
the baseband. This transceiver is therefore limited in supporting more advanced modulation
techniques and does not have a direct conversion capability. The direct conversion capability for
digitally modulated signals will result in eliminating the need of an IF mixer and will save PCB
space [7]. Due to the orthogonality of sine and cosine it is possible to accommodate an additional
channel thus forming a pair of channels which are commonly denoted as the I (in-phase) and Q
(Quadrature-phase) channel. In this way the orthogonality property is exploited for the doubling
of transfer capacity without the cost of any bandwidth. Using the knowledge of Paragraph 6.2,
the two mixers in Figure 2.2 will be realized by two anti-parallel diode pairs in order to obtain
subharmonic mixing. Due to the frequency-doubling action in the mixers, only 45 degree ofphase
shift is required. Direct conversion is achieved when I/Q-signals are applied to the architecture
shown in Figure 2.2. The same architecture can be used for mirror suppression. The I and Q
signals are now replaced by the IF-signal, while one of the IF streams has a time delay, causing
a 90 degree phase shift. The basics of I and Q mixers and the mirror suppression theory can
be found in Appendix B. The operation of this architecture can be better demonstrated using the
mirror suppression circuitry and will therefore be used in this paragraph. In this paragraph the
transceiver will be used as up-converter.
To demonstrate the performance of this architecture the transceiver will be first designed and
implemented on a low cost substrate and will be discussed in Paragraph 6.p. The next step is
to use a (more expensive) low loss substrate and the diodes discussed in Paragraph 3+2. This 10

GHz transceiver will be described in Paragraph 6.3.5.

6.3.1 Prototype of a 10 GHz transceiver

For this prototype we used the Macom MA4E2054 Schotkky APDP diodes and FR4 as substrate. To
minimize the dispersion effect discussed in Paragraph 4.5, we choose a thinner substrate height.
A FR4 substrate height of h = OAmm was in stock, but unfortunately the values of the dielectric
constant (cr ) and the loss tangent (tan 8) were unknown. By designing two microstrip structures
using estimated values ofCn tan 8 and using later on the Microwave CAD program, we are able to
find the missing parameters. This is done by comparing the measured data with the simulation
data. A match between the simulated and the measured data can be accomplished by tuning in
the simulator the Cr and tan 8 values.

6.3.2 Approximate and full-wave simulation

Two microstrip filters using the estimated values of the dielectric constant (cr = 4.3) and a loss
tangent (tan 1> = 0.009) were designed and implemented. Figure 6.6 shows the two filters, with
on the left side a coupled line bandpass filter and a stub filter at the other side. The simulation
results compared with the measured data differs, shown in Figure 6.7 and Figure 6.8, meaning
the chosen simulation parameters do not correspond with the actual values. By re-simulating the
structures (tuning the Cr and tan 8) and comparing the results with the measured data, resulted
in a much higher loss tangent (tan 8 = 0.02). The simulation results using a lower loss tangent
are shown in Figure 6.7 and Figure 6.8 (red dotted lines). The loss of the bandpass filter shown
in Figure 6.7 is huge, almost 7dB, and will decrease the RF in- and output power. Therefore,
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another bandpass filter was designed (shown in Figure 6.9) which resulted in a 4 dB improve
ment and a much compacter filter structure. The performance of this filter can be improved by
decreasing the gap w' in Figure 6.9(a), however the used etching technique restricted to decrease
the gap width (lOOJLm). Using this filter with a maximum gap width of lOOJLm and using the new
parameters of the microstrip, the 10 GHz transceiver was designed and implemented (shown in
Figure 6.10). The next paragraph will describe the measurement of this 10 GHz transceiver.
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6.3.3 Measurement results

To measure the 10 GHz transceiver, shown in Figure 6.10, several instruments are needed. The
test setup contains of a 8753D HP Network Analyzer to generate the 5 GHz LO signal, a HP
8593E spectrum analyzer to examen the RF output and a Marconi 2°51 Signal Generator (10

kHz-2.7 GHz) is used to generate the baseband signals. To measure the 45 degree phase shift,
only the Network Analyzer has to be used. The 45 degree phase delay line is connected to one
of the Tee-splitter arms. This Tee-splitter is measured and Figure 6.II shows a good agreement
between the simulated and measured data of the 45 degree phase delay line. The next step is to
used the network analyzer as input power source at the LO port and by varying the input power
level to obtain the optimum mixing performance. However, due to the high substrate losses the
diodes could not switch fast enough, giving a poor mixing performance as can be seen in Figure
6.12. This spectrum shows the radio frequency at 9.98 GHz (the middle spectrum line) and two
sidebands, with one sideband is slightly suppressed (mirror suppression).

6.3.4 Conclusion of the 10 GHz prototype transceiver

The 10 GHz prototype transceiver using a lossy substrate was used as up-converter to demon
strate and test the performance of the architecture shown in Figure 2.2. The high substrate
losses and limitations of the etching technique resulted in poor mixing performance. Despite the
poor mixing performance, the mirror suppression and the working of the subharmonic mixer
(fRF = 2· fLO) was demonstrated. The performance could be improved using a low loss sub
strate and better diodes. This should be resulted in a better carrier and one sideband suppression.
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Figure 6.10: The 10 GHz prototype transceiver. The shorted stubs are realized using a metal plate
and soldering it on the end of the stub and the groundplane
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6.3.5 10 GHz transceiver using flip chip diodes and low loss substrate

In the previous paragraph the 10 GHz transceiver on a lossy substrate was designed and mea
sured. In order to improve the performance, a low loss substrate (Rogers 4003CTM) and matching
circuits will be designed for the MS825x APDP Schottky diodes. The harmonic balance analysis
described in Paragraph 3+3 is used to match these diodes properly. The MS825x diodes are flip
chip diodes, flip-chipping being discussed in Appendix C.

6.3.6 Measurements

The 10 GHz transceiver is designed and implemented on a 0.203mm thick Rogers R04003CTM

substrate with a dielectric constant of Cr = 3.55. The loss or dissipation factor of the substrate is
tan <5 = 0.0027 at 10 GHz and the copper cladding t = 17 /Lm. Using these parameters and the
harmonic balance analysis (described in Paragraph 3+3) the 10 GHz transceiver was designed
(shown in Figure 6.13).

(al design with MS8250 diode (b) design with MS8251 diode

Figure 6.13: 10 GHz transceiver designs on a R04003C substrate with flip chip diodes

The several sub-systems (coupled line filter, splitter and stubs) were first analyzed using a HP8530A
Microwave receiver and the HP83621A 45MHz-20GHz synchronic sweeper. Using only a one
port network analyzer calibration (two port calibration was not available), the sub-systems were
analyzed and the results are plotted in Figure 6.14 and 6.15. By comparing the simulated data with
the measured data it occurs that both stubs are shifted in frequency and the phase delay line is 39
degree instead of 45 degree. The differences in simulated and measured data will be explained
in the next paragraph. Several instruments are needed in order to measure the complete trans
ceiver as up-converter. To generate 100 MHz IF-channels with a 90 degree phase difference, the
Marconi Signal Generator (10 kHz-2.7 GHz) is used. The Tektronix TDS3052 two channel digital
oscilloscope is used to verify the 90 degree phase difference of the IF-channels (this is explained
in Appendix B) and these results are plotted in Figure 6.17. The HP Network Analyzer 8753D is
used to generate the 5 GHz LO and a HP8593E spectrum analyzer for analyzing the RF output
spectrum. By placing the flip chip diodes a manufacture error was discovered. There has to be
clearance under the diodes but this was not there. This let the chip bend which resulted in bad
or no interconnection (shown in Figure 6.16). In total eight flip chip diodes were placed on the
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designed transceiver and unfortunately only for one front-end both flip chip diodes worked. With
only one diode we could not demonstrate the mirror suppression operation and using the I/Q
channels. Two front-ends are needed to establish a communication link, with only one working
front-end this could not be demonstrated. However, the output RF spectrum of the transceiver
could be analyzed and is shown in Figure 6.18. Comparing this spectrum with the spectrum of
the prototype 10 GHz transceiver (Figure 6.12) we can see that in this case the RF-signal (the
middle spectrum line in Figure 6.18) is much lower and that one sideband (shown on the left in
Figure 6.18) is suppressed. The mixing performance of this transceiver is better compared to the
10 GHz prototype version.

Open stub

·········..············1··········..··..·..············..............
........

"'-----,~'----+--------

--1-- 1

o

-10

m
~
..- -20 '--~-.~'1-----+
Nen

-08(18(2,1)1)
full wave

-30
..... 08(18(2,1)1)

measurements

-40

4 6 8 10
Frequency (GHz)

(a) Open stub

•.. OB(18(2,l)1)
measurements

-OB(18(2,l)1)
full wave

\--iF-I--I-OB(18(2,1 )1)
full wave (short with comer)

... OB(18(2,l)1)
measurements (short with comer)

...........
".:::11.

'I'·.

\)..
------t;.~~ ...-

•.•.:,
I \\ .-

I·------------j~\ ~-:.:_.------+--------\-. "':: ::
\~jj

I--------t----:lj,-:,,-----+------
i

o

-10

m
~ -20..-
Nen

-30

-40
4 8 12 16

Frequency (GHz)

(b) Shorted stub

Figure 6.14: Simulation and measurement results (open and shorted stub)



- DB(IS(2,1)1)
full wave

- DB(IS(2,1 )1)
approximate

1412

'.'.'.......:
'-:

". I•••. ···1·····
_..... \-\-.--I-"

8 10
Frequency (GHz)

(a) 10 GHz coupled line filter

6

..... DB(IS(2,1)1)
measurement

0

-5

-10

co
~

-15
N
(/)

-20

-25

-30

4

100

Ol
Ql

~
Ql 0
l/l
ro
.c
0..

-50

-100

-Ang(S(1,2)) (Deg)
measurements

1-+-_I-Ang(S(1,3) (Deg)
..........'-~.. measurements

4 4.5 5 5.5
Frequency (GHz)

(b) Tee-splitter with 45 degree phase line

6

Figure 6.15: Simulation and measurement results (Tee-splitter and coupled line filter)

..( I chip/diode I"- _....

no clearance

Figure 6.16: No clearance under the flip chip diode



Figure 6.1]: 100 MHz IF-channels with 90 degree phase difference

Figure 6.18: Spectrum of the 10 GHz transceiver, applied as mirror suppression up-converter



6.3.7 10 GHz transceiver conclusions

A 10 GHz transceiver is designed and implemented on a low loss substrate. The several sub
systems like the coupled line filter, the stubs and the phase delay line were first measured. Com
paring the simulation results with the measured data of the stubs, we discovered that there is a
frequency shift. Also the phase line of 45 degree and the coupled line filter gives other results
than the simulation data. This could be caused if the calibration was not well performed (or bad
calibration kit), the tolerances of manufacturing process and coating layer on the copper traces.
The coating layer could alter the dielectric constant and changing the frequency. This coating
layer effect have to be full-wave simulated to see if this is a valid assumption. However this could
not be done in the used Microwave CAD programm. Also, the used SMA-connectors could affect
the measurements because these connectors were intended for 1.6 mm thick substrates. SMA
connectors for the 0.203 mm thick substrate were, unfortunately, not available. In order to sol
der the connectors on the 0.203 mm thick substrate the connector has to be tilted/rotated and
this causes that a part of the end of the connector stick out. This part can cause reflections and
also by tilting the connectors a pressure is created on the substrate which causes bending of the
substrate. Only by one of the four front-ends the diodes worked and this is caused by errors
in the manufacturing process (no clearance under the diodes) and probably also because of the
bending of the substrate. Bending of the substrate could damage the fragile flip-chip diodes.
Two front-ends are needed to establish a communication link and this could not be performed as
mentioned before. The performance of the 10 GHz transceiver used as mirror suppression up
converter was measured. The sideband and carrier suppression are improved compared to the
10 GHz prototype up-converter spectrum. The spectrum shows that mirror suppression could be
establish with this architecture and that only the halfofthe radio frequency is needed for the local
oscillator (fRF = 2· fLO). The overall performance could be improved by using the correct con
nectors, no coating layer and clearance under the flip-chip diodes. An underground to support
the substrate can be used for making the substrate more robust and would also solve the SMA
connector 'problem'.
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6.4 Design of a 60 GHz transceiver

With the experience of the 10 GHz transceiver (discussed in the previous sections) it must be
possible to design a 60 GHz transceiver. The stubs, matching elements and the phase delay line
could be re-designed for the 60 GHz design. However, new challenges need to be considered
for the connectors and the bandpass filter structures. SMA-connectors can not be used at these
high frequencies so other connectors or solutions are needed and will be discussed in Chapter
7.2. A solution is to design a 30 GHz oscillator and a 60 GHz antenna on the same front
end. This means that the sub-systems could not be measured and more research has to be done
to accomplish the integration of the oscillator and the antenna on the same front-end. Also,
designing a 60 GHz bandpass filter becomes a challenging task. Using the built-in filter design
tools in the Microwave CAD program, resulted in very small filter gaps for already 30 GHz. For 60
GHz, the approximated simulations did not correspond anymore with the full-wave simulations.
Figure 6.19 shows the size and structure of a prototype 60 GHz transceiver without bandpass
filters.

6.5 Final conclusion

In this chapter several transceivers at the frequencies 2-4 GHz, 10 GHz and 60 GHz have been
discussed. The 2-4 GHz design demonstrated, that using an anti-parallel diode pair, it is possible
to accomplish subharmonic mixing with current low-cost PCB-technology. This means that only
half of the required radio frequency is needed for the local oscillator. The 10 GHz transceiver
demonstrated that using IJQ-channels, direct conversion is possible and using the same trans
ceiver architecture mirror suppression can be accomplished. More research is however needed
for designing and implementing a complete 60 GHz transceiver and the next chapter will give
further recommendations.

Figure 6.19: A prototype 60 GHz transceiver

66



Chapter 7

Conclusion

7.1 Summary

The purpose of this thesis was to design and implement a 60 GHz transceiver front-end, and to
gain insight in the possible hurdles that could be encountered during this process. In order to
reach this we have chosen for a direct conversion architecture, which has a more simple topology
(less complex, therefore lower costs) than the heterodyne topology. A direct conversion topology
creates additional DC-offsets, which can be avoided by using subharmonic mixers. The benefit of
using subharmonic mixers is that only half of the radio frequency is required for the local oscil
lator. Local oscillators and mixers at 60 GHz are either expensive or unavailable. This provides
an additional reason to use subharmonic mixers. The transceiver is designed and implemented
in Printed Circuit Board (PCB) technology with exception of the mixer. This technology provides
namely a low-cost and particularly compact way of realizing complicated circuits in the centime
ter and millimeter bands (3 GHz-300 GHz). The MMIC technology is also a compact way of
realizing complicated circuit, however this technology was not available at TNO Eindhoven and
therefore the PCB-technology was used.

In order to design and implement the 60 GHz transceiver, the transceiver is first designed on
lower frequencies. A 2.4 GHz transceiver is designed and implemented (and will be discussed
later on) to verify the operation of a subharmonic mixer. A 10 GHz transceiver using the architec
ture shown in Figure 2.2 was later on designed and implemented. With the experience of the 10

GHz transceiver design a 60 GHz transceiver could be designed. To achieve this implementation
it was first of all necessary to get insight in the working of the subharmonic mixer. Therefore,
a basic transceiver circuit with Schottky anti-parallel diodes (to obtain subharmonic mixing) was
analyzed by using a harmonic balance simulator in order to achieve the optimum mixing perfor
mance. The optimum mixing performance is reached when the impedances of the diodes are
properly matched at a certain local oscillator power level. In this harmonic balance simulator the
diode impedances are found by using 'equivalent circuit component values' of Schottky MS825x
GaAs anti-parallel pair Schottky diodes. Other diodes can be used in this simulation, however,
the last mentioned diodes are used in the 10 GHz and 60 GHz transceiver designs. Design
ing of matching circuits were done using a Microwave CAD program in order to accelerate the
design process. The benefit of this analysis is that we know the local oscillator power which is
needed to achieve optimum mixer performance, therefore no manual power tuning is needed in



practice. From this the conclusion follows that this transceiver design could be manufactured in
mass production. Despite this analysis, the implemented 10 GHz transceiver suffered in practise
from several losses (this will be explained later on) with the result that unfortunately that manual
tuning was needed after all.

As mentioned before the transceivers are implemented in PCB technology. Microstrip transmis
sion lines were used for designing and implementing several structures (e.g. coupled bandpass
filter). As is the case with any transmission line, the characteristic impedance ofa microstrip line
depends on its physical characteristics. Several closed form expressions models are discussed
and compared with a full-wave simulator. These closed form expressions make it possible to ac
celerate the design process, because commercially available full-wave methods will - in general 
take too much computation time. The frequency independent close form expressions of Ham
merstad and Jensen [24] are close to the full-wave simulation results. This model can be used to
calculate the characteristic impedance and the effective dielectric constant of a microstrip line by
using several microstrip parameters (i.e. thickness, the dielectric constant and the loss tangent
of the substrate). However, when the frequency increases, the effective dielectric constant and
the characteristics impedance will increase, too. This frequency dependency is called dispersion
and can have a strong effect in microstrip transmission lines. Several dispersion models are com
pared and the Hammerstad and Jensen dispersion model [24] shows a good similarity with the
full-wave solver till approximately 20 GHz. However, at higher frequencies the Kirschning and
Jansen [29] model is the best model. An important discovery is that thinner substrates at higher
frequencies are recommended as this minimized the dispersion effect. Also, in order to prevent
higher-order (orthogonal) modes in the microstrip structure, we should choose the width (w) and
the substrate height (h) carefully. This means that the width and height should be less than a
quarter wavelength. In order to reduce the capacitance a mitered bend is preferred for higher fre
quencies to obtain low reflections (thus improving the return loss). Additionally, the influence of
a via hole in the substrate was analyzed and it showed that a via hole is predominantly an induc
tance rather than a (real) short circuit. Finally, a via hole at high frequency can act as an antenna
and therefore a via hole has to be avoided, if possible, in a high frequency front-end design.

Stubs and bandpass filters are needed in designing and implementing the transceivers. To block
the RF and the LO leakages and obtain lowest conversion loss, open and short stubs around the
subharmonic mixer have to be 'A/41ength at the LO-frequency and 'A/2 at RF.
In order to avoid vias in the design the Hairpin bandpass filter and a one-section coupled line
bandpass filter was used in the transceiver designs.

All the previously discussed theory was needed and used to design and implement the several
transceivers. As mentioned before, a 2.4 GHz transceiver was designed and implemented in or
der to verify, that with subharmonic mixing only half of the required radio frequency is needed
for the local oscillator. Using this transceiver with two anti-parallel diodes and stub filters, the
principle of subharmonic mixing was demonstrated.
The architecture shown in Figure 2.2 was firstly designed and implemented at 10 GHz on a low
cost substrate with in stock anti-parallel diodes. With the same architecture direct conversion
or mirror suppression can be achieved. Mirror suppression is used because this spectrum can
be better visualized with a spectrum analyzer. The high substrate losses and limitations of the
etching technique resulted in poor mixing performance. Despite the poor mixing performance,
the mirror suppression of the 10 GHz transceiver used as up-converter and the operation of the
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subharmonic mixer was demonstrated. With this experience, the 10 GHz transceiver was re
designed and implemented on a low loss substrate with matching circuits for the MS825x Schot
tky anti-parallel diodes. Measuring the sub-systems showed that the stub filters, the phase line
of 45 degree and the coupled bandpass filter, gives other results than the simulation data. This
could be caused if the calibration was not well performed (or bad calibration kit), the tolerances of
manufacturing process and coating layer on the copper traces. The coating layer could alter the
dielectric constant and changing the frequency. This coating layer effect have to be full-wave sim
ulated to see if this is a valid assumption. However, this could not be done in the used Microwave
CAD programm. Also, the used SMA-connectors could affect the measurements because these
connectors were intended for I.6mm thick substrates. These problems caused, most probably,
that the 10 GHz transceiver used as up-converter does not give an optimal performance. However,
the mirror suppression and that only half of the required radio frequency is needed for the local
oscillator was successfully demonstrated. The sideband and carrier suppression are improved
compared to the 10 GHz prototype up-converter spectrum. Only by one of the four front-ends
the diodes worked and this is caused by errors in the manufacturing process (no clearance under
the diodes) and probably also because of the bending of the substrate, which could resulted in
damaging the flip-chip diodes. Two front-ends are needed to establish a communication link and
this could not be performed as mentioned before. With this experience a 60 GHz transceiver
can be designed and implemented. Further research is however needed for designing and imple
menting filter structures. Further research is also needed to integrate a 30 GHz local oscillator
and the 60 GHz antenna in the same front-end. To measure the sub-systems at 60 GHz we
cannot rely on the standard SMA connectors anymore. A solution for this can be found in the
next paragraph.

7.2 Recommendations

The used stubs are relatively small band filters, and using radial stubs, the filter can become more
wideband. In the case that the frequency is shifted the filters still will function. Quarter-wave ra
dial stubs can also be used to replace shorted stubs and therefore decreasing the inductance [43].

The loss tangent of the Rogers 4003CTM substrate are only specified till 10 GHz by the manu
facture. The loss tangent for this substrate at 60 GHz have to be found before designing the
complete transceiver structure. The loss tangent is an important parameter which can decrease
the performance of the complete transceiver structure. In order to prevent higher-order (orthog
onal) modes in the microstrip structure, we should choose the width (w) and the substrate height
(h) carefully. This means that the width and height should be less than a quarter wavelength. In
order to reduce the capacitance a mitered bend has to be used and is preferred for higher fre
quencies to obtain low reflections (thus improving the return loss). Thinner substrates at higher
frequencies are recommended because this will minimized the dispersion effect. A solid under
ground is recommended to avoid bending of the substrate when using very thin substrates.

The sub-systems of the transceiver were analyzed using microwave CAD programm. Harmonic
balance is used to obtain the optimum mixing performance and the approximate and full-wave
simulations to analyze the microstrip line structures. The optimum solution will be if the com
plete transceiver could be simulated and the Bit-Error-Rate (BER) of the I/Q-channels can be



analyzed (using the architecture as direct conversion circuitry). This could be done using the
additional Visual System Simulator package in Microwave Office® design suite.

To measure the sub-systems at 60 GHz, SMA-connectors can not be used. Using microstrip to
waveguide transitions can be a solution and is investigated in [44].

In this thesis we used the network analyzer as local oscillator source but recommended is to use
a proper local oscillator source.

To improve the transceiver performance a integrated power amplifier (PA) and low noise am
plifier (LNA) can be used. This implies that we do not have two identical integrated front-ends
anymore and only one can acts as a modulator (with PA) and the other as demodulator (with
LNA).

Designing front-ends at low frequencies many effects can be neglected, however at higher fre
quencies these effects can have dramatic consequences. For instance, the coating layer used in
the 10 GHz front-end caused most probably, that the filters were shifted in frequency. No coating
layer is recommended in high frequency front-end designs.



Appendices

Appendix A: Non-existence of TEM-waves in microstrip transmission
lines [42]

7.2.1 Transverse ElectroMagnetic (TEM) waves

We consider a two-conductor cylindrical system with axes along the z-axis [45], see Figure 7.1.
Furthermore, we consider propagating waves, having a time, distance dependency e}(wl-fiz), where

Figure 7.1: Two-conductor transmission line

f3 is the propagation constant of the transmission line.
Wave propagation is governed by the source free Helmholtz equations[45]:

V 2E+eE =0

V 2 H +eH =0

where ~ is the (vectorial) electric filed, H is the (vectorial) magnetic field and

k=wffi

is the wavenumber, where w = 2rrj, j being the frequency and fJ, is the medium permeability
and e is the medium permittivity. The V2 may be separated in transverse and longitudinal parts,
yielding, for the electric field
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Due to the e- jf3z distance, dependency, the longitudinal parts becomes

so, that finally, Equations (7.1) and (7.2) may be written as

V; E = -(f32 + k2)E

V; H = -(f32 + k2)H

These equations must be satisfied in the dielectric regions ofthe transmission line. The boundary
conditions, imposed on the fields follow from the configuration and the electrical properties of
the boundaries.

From the Maxwell equations [45]:

VxE

Vx H =

- jWJ.LH

jwc:E

and with the e- jf3z space-dependency, we find for the field components

aEz .
- jWJ.LHx (7.10)- + jf3Ey

ay
aEz - jWJ.LHy (7.11)- jf3Ex - ax =

aEy aEx
- jWJ.LHz (7.12)---

ax ay

aHz + "f3H jwc:Ex (7. 13)ay j y

aHz jwC:Ey (7.14)- jf3Hx - ax

aHy aHx jwc:Ez (7.15)-----
ax ay

Rewriting the field components as function of Ez and Hz, gives

j ( aEz aHz)-- f3_. +WJ.L_·
kz ax ay

j (aEz aHz)- -f3- +WJ.L-kz ay ax

Hx = .L(wc:aEz_f3aHz)
kZ oy ox

j (OEz OHz )-- wc:-+f3-kZ ax ay

where



7.2.2 Why a microstrip transmission line cannot support a TEM-wave

A TEM-wave has neither an Ez- nor an Hz-component. From Equations (7.16) to (7.20), it follows
that for Ez = Hz = 0 all transverse components must be zero also unless kz. = e - 13 2 = O. Thus,
the propagation constant of a TEM-wave is given by

f3T EM = k = w-J"&ii

and the propagation is thus with the speed of light in the medium. In a microstrip transmission
line, however, we do not have an uniform medium. In the substrate region (c = COCr, see Figure
7.1), the propagation constant should be satisfy

and in the air region (c = co' see Figure 7.1), the propagation constant should satisfy

Since 13 cannot satisfy Equation (7.22) and Equation (7.23) simultaneously, a TEM-wave is -strictly
speaking- not possible in a microstrip transmission line.

Strictly speaking, since for thin, high valued Cr, substrates, the fields are quasi-TEM, Le. the
fields are essentially the same as those of the static case [17]. Propagation constant, phase velocity
and characteristic impedance are obtained then from static or quasi-static solutions. In the solu
tions, the relative permittivity (Cr) of the substrate is replaced by an effective relative permittivity
(cell)' which is a weighed average of the dielectric constant of the substrate and of air, the value
depending on how much field lines travel through the substrate and through air,

1 < Cell < Cr

In general, Cell will be closer to Cr than to I.
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Appendix B: The basics of I and Q mixers

I ----.I

baseband

Q---+-----.I

LO

...--.....RF RF

LO

I

baseband

Q

Figure 7.2: An In-phase and Quadrature (I/Q) mixer

With two mixers and two local oscillators with 90 degrees phase shift (Figure 7.2), it is possible
to transfer two different base band signals on the same frequency. The local oscillators must have
equal frequencies. The oscillator phase of the receiver oscillator must fit on the received carrier
phase. The RF signal contains both the modulated I and Q signals:

Transmitter:
URF = I (t) cos (WLOI t) + Q(t) sin(wLOI t) (7.25)

Recovering of the transmitted data is only possible if the transmitter and receiver local oscillators
are exactly the same. This means that WLO

L
= WL02' where WL02 is the local oscillator frequency

of the receiver.

Receiver:

loU/(t) = I(t) cOS(WLO,t) cOS(WW2t) + Q(t) sin(WLOr t) cOS(WW2t)

= 0.5/(t) + 0.5/(t)cos(2wwt) +0.5Q(t)sin(2wwt)

QOUI(t) = I (t) cos(wwJ) sin(ww2t) + Q(t) sin(wwJ) sin(ww2t)

= 0.51 (t) + 0.51 (t) sin(2wwt) - 0.5Q(t) cos(2wwt)

Using Low Pass Filters, the receiver base band contains the same information as the transmitter
base band.

With subhannonic mixers the oscillator frequency is half the multiplying frequency inside the
mixers, the oscillator phase shift must be 45 degrees.

The same mixer architecture can be used for mirror suppression (Figure 7.3). The I and Q signals
are now replaced by the IF signal, while one of the IF streams has a time delay, causing a 90
degree phase shift.
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Figure 7.3: Mirror suppression mixer

A(t)cos(w/Ft)

cos(ww t )

A(t) (sin(w/ Ft) cos(wwt) + cos(w/ F) sin(wwt»

O.5A(t)( sin(w/ Ft + wwt) + sin(w/ Ft - wwt)+
sin(w/ Ft + wwt) - sin(w/ Ft - wwt))
A(t) sin(w/Ft + wwt)

(7.28)

(7.2 9)

(7·3°)

There is no transmission at the frequency (w/ Ft - wwt) as long as the phase shift is perfect and
amplitudes are equal.
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Appendix C: Introduction of the flip chip technology

In this section a brief introduction to the flip chip technology will be given.
The flip chip assembly can be described as an assembly on which the chips are directly connected
on the substrate, board, or carrier, in a face down (flipped) position. Electrical interconnection
will be established by bumps on the bond pads (Figure 7.4(a)). A variety of flip-chip assembly
techniques exist, including solder bump, plated bump, gold stud bump, adhesive bump [46].
GaAs beam lead Schottky devices, especially for millimeterwave frequencies, are extremely small
and fragile; therefore, flip chip technology was introduced [46]. The more traditional technology
is wire bonding [46] which uses face-up chips with a wire connection to each pad (Figure 7.4(b)).
Replacing these bond wires by bumps the paths will be shortened and therefore the inductance

(a) Flip chip

(b) Wirebond

Figure 7+ Two technologies

will be reduced (hence, this gives the highest speed electrical performance). The bump provides
the conductive path from the chip to the substrate and it also provides a thermally conductive
path to tranfer heat from the chip to the substrate. The disadvantage of wire bonding might be
that the connections are limited to peripheral pads, which means that by increasing the number
of connections the die size has to increase also. The flip chip technology, however, can use the
whole area of the die, allowing much more connections on even a smaller die. The three stages
in making flip chip assemblies are bumping the die (or wafer), attaching the bumped die to
the substrate (or board) and (in most cases) filling the remaining space under the die with an



electrically non-conductive material.
A flip chip can be mounted on the substrate with an adhesive. There are primary two Electrically
Conductive Adhesives (ECA's), namely Isotropically Conductive Adhesive (ICA) and Anisotropically
Conductive Adhesive (ACA), the latter one is also available in film (ACF) instead of a paste. An
ICA conduct in the x, y and z-direction. The ACA's are also called z-axis conductive adhesives
because these are designed to be conductive between the electrodes of the chip and substrate in
the vertical direction and non-conductive (no short circuit) in the horizontal direction. The ACA
will be used as adhesive to flip chip the APDP diodes. The conventional ACA is a paste adhesive
consisting of conductive particles dispersed in an adhesive matrix. The ACA is placed between
the die and the substrate followed by the application of heat and pressure. During this process
the ACA will be cured to conduct in the z-direction.

microstrip line

,+---- bumps

chip/diode

• •••••••

heating and pressure

base
resin

l;I chip/diode IJ
conductive. .

particle

•••• ·.·ACA·•• :.

substrate substrate

Figure 7.5: Schematic view of ACA process
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List ofAbbreviations

AC

APDP

BPF

DC

HB

IF

LO

MIC

MMIC

PCB

Q

RF

SHM

TE

TEM

TM

TNO

TUle

Alternating Current

Anti Parallel Diode Pair

Bandpass Filter

Direct Current

Harmonic Balance

Intermediate Frequency

Local Oscillator

Microwave Integrated circuit

Monolithic Microwave Integrated Circuit

Printed Circuit Board

Quality factor

Radio Frequency

SubHarmonic Mixers

Transverse Electric

Transverse ElectroMagnetic

Transverse Magnetic

Netherlands Organisation for Applied Scientific Research

Eindhoven University ofTechnology
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