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ABSTRACT

DESIGN AND IMPLEMENTATION OF A VHF/UHF FRONT-END USING TUNABLE
DUAL BAND FILTERS

Alaca, Fatih

M.Sc., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. Nevzat Yildirim

June 2012, 89 pages

For the new generation wireless communication systems, there is an increasing demand for
devices that covers more than one frequency band. This results in a need for wide-band
tunable front-ends. The main objective of this study is to use dual band filters in the design
of a multi-band front-end. A wide-band low noise amplifier is also required. To accomplish
this project, a fixed frequency bandstop filter, a tunable dual-band filter and a wide-band LNA
are designed and implemented successfully. The predefined specifications of this front-end
include gain, gain flatness, spurious signal rejection, frequency tuning range, noise figure and
linearity. Total power dissipation and number of elements are also taken into consideration.
Test results of the manufactured front-end are compared with the results of existing single

band front-ends.

In order to design a good tunable wide-band filter, just tuning its center frequency will not
be enough. The noise figure of this dual-band filter will be proportional to its insertion loss
if it will be used as a pre-selection filter in front of a LNA. Hence its insertion loss will
affect the overall noise figure of the system. If it will be used after the LNA, its linearity

will be more important. When a bandpass filter is tuned over wide range of frequencies,

v



its bandwidth varies significantly which leads to a degradation in rejection of the spurious
signals. Therefore, there must be a simultaneous control of center frequency, bandwidth and
insertion loss while providing enough linearity. In order to accomplish this mission, a filter
that has two passbands is designed and implemented. The first passband is tunable between
136MHz and 174MHz while the second one is tunable between 380MHz and 470MHz. Also,
the low noise amplifier works properly between 136MHz and 470MHz. As a result, a front-

end that covers two bands is obtained.

Keywords: Dual band front-end, dual band lumped filter, tunable filter, wide-band low noise

amplifier



0z

AYARLANABILIR CIFT BANTLI SUZGECLER KULLANILARAK VHF/UHF ON-UC
TASARIMI VE UYGULAMASI

Alaca, Fatih
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii

Tez Yoneticisi  : Prof. Dr. Nevzat Yildirim

Haziran 2012, 89 sayfa

Yeni nesil kablosuz iletisim sistemlerinde birden fazla frekans bandinda calisabilen cihazlara
talep giderek artmaktadir. Bu durum, genis bantli, ayarlanabilir 6n-uglara ihtiya¢ duyulmasina
neden olmaktadir. Cok bantli bir 6n-ug tasariminda ¢ift banth siizgeclerin kullanimi bu tez
calismasinin ana igerigini olusturmaktadir. Aymi zamanda genis banth bir diigiik giirtiltiilii
yiikseltece de ihtiya¢c duyulmaktadir. Bu caligmay1 basari ile tamamlayabilmek icin sabit
frekansli genis bantli bir centik siizge¢, ayarlanabilir cift banth bir filtre ve genis bantl bir
diisiik giirtiltiilii yiikselteg tasarlanarak iiretilmigtir. Bu On-ucun saglamasi gereken sartlar
kazanci, kazang diizgiinliigiinii, istenmeyen isaret bastirmasini, frekans ayarlama araligini,
giiriiltli niteligini ve dogrusallif1 icermektedir. Bunlara ek olarak toplam giic tiiketimi ve
eleman sayis1 da dikkate alinmistir. Uretilen cift bantli 6n-ucun test sonuglar1 var olan tek

bantli 6n-uglarinkilerle karsilagtirilmusgtir.

Iyi bir ayarlanabilir genis bantl siizgec tasarlayabilmek icin sadece merkez frekansini ayarla-
mak yeterli olmayacaktir. Bu siizgecin giiriiltii niteligi kaybiyla orantili oldugu i¢in, bir DGY-
den Once 6n-segici olarak kullanilmasi durumunda siizgecin kaybi sistemin genel giiriiltii

niteligini etkileyecektir. Eger bir DGYden sonra kullanilirsa da siizgecin dogrusallig1 6nemli

vi



hale gelecektir. Bir bandgegiren siizge¢ genis bir bantta ayarlandigi zaman bant genigligi
onemli Olciide degisir ve bu da istenmeyen sinyal bastirmasinin bozulmasina neden olur. Bu
nedenle, yeterli dogrusallik saglanirken merkez frekansinin, bant genigliginin ve kaybin eg za-
manli kontrolii gerekir. Bunu basarabilmek icin ¢ift bandli bir filtre tasarlanmigtir. Bu filtrenin
ilk band1 136MHz ve 174MHz arasinda ayarlanabilirken ikinci band1 380MHz ve 470MHz
arasinda ayarlanabilmektedir. Ayrica diisiik giiriiltiilii, 136MHz ve 470MHz arasinda uy-
gun bir sekilde ¢alisan bir yiikseltec tasarlanip iiretilmigtir. Sonug olarak iki bantli bir 6n-u¢

bagariyla iiretilmistir.

Anahtar Kelimeler: Cift bantli 6n-ug, cift bantli siizge¢, ayarlanabilir siizgeg, genis bantl

diisiik giiriiltiilii yiikselteg
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CHAPTER 1

INTRODUCTION

Front-end of a receiver is the part between antenna and the first mixer. In the front-end, input
RF signal is put into an appropriate form to be downconverted to intermediate frequencies.

The main parts of a superhyterodyne receiver system is shown in Figure 1.1 [1].

Image
Preselect Reject
Filter Filter Mixer Mixer
BB P E{ >
Lo 6 2.10
P
e W _tune
ot | [———»l [————p
RF FRONT-END 1.IF 2.IF Baseband

Figure 1.1: Block Diagram of a Superhyterodyne Receiver System

In a wide-band transceiver system usually RF front-end and 1* LO sections are tunable.
IF sections and 2"¢ LO are fixed frequencies. In RF front-end, signals at far channels are

eliminated while in IF sections signals at adjacent channels are eliminated.

The aim of this thesis is to design and implement a tunable front-end that covers VHF and
UHF bands. There exist two single band tunable front-ends: one works at VHF band and the
other works at UHF band. VHF band covers the frequencies between 136 MHz and 174 MHz
while UHF band covers the frequencies between 380 MHz and 470 MHz. The resultant dual
band front-end will present the same performance as the single band front-ends (Figure 1.2).

Intermediate frequency (IF) will be 45 MHz.



VHF

Harmonic

Filter T/R
Switch

VHF VHE VHF
Preselect Image Reject

Filter Filter Mixer

IF (45 MHz)

PA LO
PA
Mixer
Iil IF (45 MHz)
S e 7 %—»{2)—»
UHF QT{'Rl UHF UHF -
Harmonic IR procelect  UHF Image Reject
Filter Filter LA Filter
VHF
Harmonic f,
Filter T/R
Switch
Dualband Dualband
Preselect Image Reject
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Figure 1.2: Block Diagram of Dual Band Front-end That Covers VHF and UHF Bands



As it can be seen, each single band front-end is composed of a harmonic filter, two RF filters
and one low noise amplifier (LNA). On the other hand, dual band front-end has two harmonic
filters, a notch filter, two dual band filters and a LNA. Harmonic filters are the only common
parts, so they are not designed again and the existing harmonic filters are used. The remaining
parts, which are notch filter, dual band filters and LNA are designed in this work. Finally the
whole dual band front-end is manufactured and its performance is compared with the single

band ones.

The signal at the antenna input of the receiver can contain any frequency components at any
amplitude. In other words, there may be some unwanted signals at the antenna input besides
the signal at the desired frequency and amplitude of these unwanted signals can be higher
or lower than amplitude of the desired signal. If these undesired signals are not attenuated
enough, they may appear in the IF frequency after mixing operation and may cause distortion.
Therefore, dual-band pre-select and image reject filters are designed to eliminate them. Since
there are two filters in the front-end, the filter before LNA is called as pre-select filter and
the other one is called as image reject filter throughout this thesis in order to distinguish
them easily. The first passband is tunable between 136 MHz and 174 MHz while the second
passband is tunable between 380 MHz and 470 MHz. Tuning voltage changes between 1 V
and 4 V.

Harmonic filters are used to block the harmonics of the carrier signal appearing at the output
of power amplifier when transceiver is in transmitter mode. Since they are located between
antenna and mixer, they inevitably affect the performance of front-end. Therefore they are

included in this project.

Low noise amplifier is used to amplify the weak input signal at the band of interest and to
improve noise performance of the receiver [2]. Design and implementation of a LNA that

works between 136 MHz and 470 MHz is also performed during this work.

Additionally, it is required to suppress VHF band when receiver is adjusted to a UHF fre-

quency. Hence, a bandstop filter is designed using bridged topology.

This thesis includes detailed information about design and implementation of the tunable dual
band front-end described above. It begins with some theoretical information about the parts

that are designed. A chapter is assigned for dual band filters. In Chapter 4, firstly design and



simulation of each circuit will be mentioned. Then, test results of manufactured dual band
front-end will be compared with simulation results and single band front-ends performances.

In Chapter 5, future works will be defined.



CHAPTER 2

BACKGROUND INFORMATION

2.1 Low Noise Amplifiers
Besides amplifying the weak input signal, a low noise amplifier also improves noise perfor-

mance of the receiver [2], [3], [4]. Noise figure affects the sensitivity of the receiver. The well

known formula for noise figure of a circuit is [5]

SNR;, _ Sin/Nin

F= - 2.1
S NROMt SOMt/NOMt
SNR;
NF = 10log(F) = 10log( ™) = SNRinap — SNRowi.aB (2.2)
SNRu: ’ ’

The noise factor of a system composed of cascaded circuits (Figure 2.1) can be derived as

given in Equation 2.3.

S, /N, SN

e ] =] =] =

G,NF, G,NF, G, NF

Figure 2.1: Noise Figure of Cascaded Circuits

Fa—1 F3—1 Fi—1
+ +it =
Gy GG, Gi1G,..Gi_y

Fmtal = Fl + (23)

This equation shows that the contribution of the circuits after an amplifier to the overall noise



figure of the system is inversely proportional to the gain of the amplifier. Therefore, an am-
plifier is placed always at beginning of the front-end so that the noise figure of the receiver
is mainly affected by the noise figure of the amplifier and pre-select filter. The noise figure
of this amplifier should be as low as possible since it affects the overall noise figure directly.
Also, the gain of this amplifier should be as high as possible to minimize the contribution of
later stages to the overall noise figure. However, linearities of the circuits after LNA limit the
gain of LNA. If its gain is too high, higher order products may occur in later stages due to
non-linearities and consequently distort the signal. Frequency band of LNA can be wide or
narrow depending on the application. In this thesis, LNA works between 136 MHz and 470
MHz.

3 dB is an important value for noise figure of an LNA [6]. S NR,,; can also be expressed as

follows:

Saut G-Sin
SNR,,;: = = 2.4
out Nout G-Nin + NLNA ( )

where G is gain of the LNA and Nyy4 is noise added by the LNA. If noise added by LNA is

equal to noise at the input amplified by the LNA, then;

G-Sin Sin
G.Nj, = N SNRyyy = ———— = 2.5
in LNA = out 2GNm 2Nm ( )

In such a case, noise figure of LNA can be calculated using Equation 2.2 as follows:

SNR;, Sin/Nin
NF = IOZog(S ) = 10log( /

NR()ut S in/2Nin

) =3dB (2.6)

Equation 2.6 states that if noise power added by LNA to the system will be less than the noise
at the input amplified by the LNA, noise figure of the LNA should be lower than 3 dB. Noise
figure of a front-end limits the smallest signal level that can be detected by the receiver and

affects the sensitivity of the receiver.



2.2 IP3 Measurement

If the output of a system can not be expressed as a linear combination of responses of individ-
ual inputs, that system is called nonlinear. Linearity of a system limits the largest signal level
that can be input to it without distorting the output signal. This largest signal level affects the

dynamic range of that system.

Output of a system can be affected by nonlinearities in a few ways such as harmonic genera-
tion, gain suppression, desensitization, cross modulation and intermodulation. In this thesis,

intermodulation measurements will be performed to see how linear the front-end is.

Assume that x(f) and x,(¢) are inputs to a non-linear system whose input-output relationship

is given in Equation 2.8 [5].

x1(t) = Ajcos(wqt); xo(t) = Arcos(wot) 2.7

Y1) = a1 x(t) + arx(t)* + azx(1)’ (2.8)

Then, due to mixing of x; and x,, some components appear at the output:

y(t) = al(Alcos(w1t)+A2c0s(w2t))+a2(Alcos(wlt)+A260s(w2t))2+a3(Alcos(wlt)+Azcos(w2t))3

(2.9)

= y(t) = a1A1cos(wit) + ajArcos(wrt)
+612A%cos(w12‘)2 + 2arA1Arcos(wit)cos(wyt) + azAgcos(wzt)2
+a3A? cos(wit)® + 3a3A%A2cos(w1t)2c0s(wzt) + 3a3A 1A%c0s(w1t)cos(wzt)2 + a3A;c0s(W2I)

(2.10)

By using the following trigonometric identities, Equation 2.10 can be written as given in

Equation 2.14.



cos’a = %(1 + cos2a) (2.11)
cos’a = %(3cosa + cos3a) (2.12)

cos(a)cos(B) = %(cos(a/ + ) + cos(a — ) (2.13)

= y(t) = [ Ay + 2a3A3 + 3a3A1AZ]cos(wi 1)

+[a1A; + %a3A§ + %a3A2A%]cos(w2t)

azA% azA%
T 3

A? A? A3 A3
az—2lcos(2w1t) + aszcos(szt) + a34—100s(3w1t) + %cos(ﬁ%wﬂ)

+
+arA1Arcos((wy + wo)t + arA1Arcos((wyp — wo)t
+f—‘a3A%A2cos((2w1 +wo)t) + %a3A1A%cos((w1 + 2w»)1)

+2a3A2Arc05((2w1 — wo)t) + 2azA1Acos(Qwy — wi)t)

(2.14)

Note that harmonics and dc components can be filtered out easily since they are far from
wi and wy. However, if w; and wy are close to each other, intermodulation components at
2w1 —w» and 2w, — wy will appear close to wy and wy, so they can not be filtered. As a result,

these components inevitably cause a distortion at the output.

The traditional approach to measure IMD is third order intercept point, /P3. Consider the
case A} = Ap = A. It can be seen from Equation 2.14 that when A is increased, amplitude
of third order products increase proportional to A3 while amplitude of fundamental signals
increase proportional to A. Third order intercept point is the power level at which amplitude
of fundamentals become equal to amplitude of third order products (Figure 2.3). The most
common way to measure /P3 is to apply two signals at different frequencies to the nonlinear
system and observe the fundamentals and third order products at the output of the system
using a spectrum analyzer. If power levels of fundamentals and intermodulation products are

known, /1P3 can be found using Equation 2.15.

APlyp
2

IIP3|dBm = + PinldBm (215)
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If a system is composed of cascaded circuits whose input /P3’s are known, total //P3 can be

calculated as follows [5]:

1 1 Gy GG
+ + + ..

(2.16)

iip3gorar  1ip31  1ip3p P33
where I1P3; = 10log(iip3;) and G; is gain of i stage.

As stated in [7], if IP3, sensitivity (S) and co-channel rejection (C) of a receiver are known,

intermodulation distortion performance of it can be calculated from

21P3 - 25 -C
IMDly = laBm = laBm — Clas 2.17)

IMD performance of the designed receiver is required to be better than 75 dB. Assuming that
its sensitivity will be -120 dBm and co-channel rejection ratio will be 7 dB, minimum IP3 can

be calculated as

3IMD 28 C 3x75 +2x(—=120) + 7
IP3lagm = "””2 lam + Clap _ 375 + x; 4T 4im @218

Although -4 dBm /P3 is enough for 75 dB IMD, it is preferred to have 0 dBm //P3 in order
to have a margin to 75 dB IMD. 0 dBm /P; refers to 77 dB IMD.

2.3 Classification of Filters

Filters can be classified as lowpass, highpass, bandpass, bandstop and allpass filters with
respect to their transfer functions. Transfer function is the mathematical representation of the

relation between input and output of a filter.

A lowpass filter transmits all the frequencies below the cut-off frequency and stops all those

above the cut-off frequency.

A highpass filter transmits all the frequencies above the cut-off frequency and stops all those

below the cut-off frequency

A bandpass filter has two cut-off frequencies. It stops the frequencies below the lower cuf-off
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and above the higher cut-off, and transmits a particular band of frequencies between two cut

of frequencies.

A bandstop filter stops frequencies within the band specified by two cut-off frequencies and

transmit all the frequencies out of this band.

An allpass filter transmits all of the frequencies without any attenuation. This type of filters

are usually used to alter the phase of input signal.

2.4 Common Filter Transfer Functions

The most important constraint of filter design is the behavior of its magnitude response at
passband and stopband. There are three main transfer functions according to the ripple at
passband and attenuation at stopband [8]. Practically, there is no ideal filter. Realistic filters
have non-zero attenuation at passbands and finite attenuation at stopbands. Hence, before
starting the design, the appropriate filter transfer function type should be decided according

to the design constraints.

2.4.1 Butterworth Filter

Butterworth filter, which is also called as maximally-flat filter, exhibits a nearly flat passband.
It has no ripple in passband or stopband at the expense of smooth transition from passband to
stopband. If a sharper transition is required, the order of filter should be increased but its cost

will be higher number of elements used. Butterworth filters have good phase response.

2.4.2 Chebysheyv Filter

A Chebyshev filter has a steeper cut-off slope than the same order Butterworth filter. The
ripple in the passband or stopband is the drawback of this filter. As the ripple increases the
transition becomes sharper. Usually it is desired to have sharper roll-off while having fewer
ripples in the passband. Therefore a trade off should be made in order to fulfill both passband
and stopband requirements. There are two types of Chebyshev filters. Type-1 Chebyshev fil-
ters have ripple only at passband while Type-2 Chebyshev filters have ripple only at stopband.

11



Phase response of Chebyshev filters is worse than that of Butterworth filters.

2.4.3 Elliptic Filter

Among these four filter types, elliptic filter is the one that has the sharpest transition from
passband to stopband. On the other hand, its amplitude response has ripples at both passband

and stopband. Phase response of Elliptic filters is very non-linear.

2.5 Electrically Tunable Filters

In modern wireless communication systems, there is an increasing demand for devices that
cover different communication standards. This results in the need for wide-band and multi-
band radios. On the other hand, in order to use the spectrum efficiently, channel bandwidths
should be as narrow as possible. These two requirements cannot be accomplished by using a
fixed frequency filter. Only a filter whose bandwidth is narrow and center frequency can be
changed to scan the full band can achieve this job. Therefore, tunable filters are essential for

such devices.

A tunable filter can be obtained by changing the resonance frequency of a fixed frequency

filter. There are many methods to control the resonance frequency electrically.

The approach used in this thesis is to change capacitance of the resonator. There are some
devices that are used for this purpose such as PIN diodes, varactor diodes [9], [10], [11] and
BST (Barium Strontium Titanate) varactors [12], [13]. When a reverse bias voltage is applied
on a varactor diode, it acts as a capacitor. The capacitance of the depletion layer of a p-n
junction varies continuously with respect to the reverse bias voltage as shown in Figure 2.4.
If a reverse biased varactor diode is placed instead of the capacitor in resonator of a filter,
the change of bias voltage yields in the tuning of the center frequency. They are small, light
and cheap devices. Their tuning speed is high and they consume only a little amount of
power since they are reverse biased. They provide octave bandwidth tuning. On the other
hand, they have the disadvantage of low power handling, non-linear behavior and lower Q-
factor. Similarly, PIN diodes, which contains a thick intrinsic semiconductor layer between

p-n junction, can be used to tune the center frequency discretely. The contribution of PIN
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diodes to the non-linear characteristics of the circuit is less than the contribution of varactor
diodes [14]. If the dc bias current is sufficient, a nearly linear behavior will be displayed
by PIN diodes. BST ferroelectric thin-film varactors have relatively higher power handling
capability [15]. Permittivity of ferroelectric varactor depends on the applied DC electric field.
Hence, as bias voltage changes, capacitance value of BST varactor varies which results in
the change in resonance frequency. All of these approaches change the resonance frequency
by varying the capacitance in the resonators while inductance remains constant. This causes
L/C ratio to change. Thus as center frequency is tuned to higher frequencies, bandwidth of
filter increases. This may cause a degradation in the suppression of unwanted signals near the

passband.

JE-11
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1E-11—
9E-12
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I I I I I I I I I
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Feverse Yoltage (V)

Figure 2.4: Typical C-V Curve of a Varactor Diode

In this thesis, varactor diodes will be used due to their compact sizes, continuous tuning, high

tuning speed and low power consumption.

2.6 Bridge-T Bandstop Filters

As mentioned before, bandstop filters are used to block a certain band of signals while passing
the signals out of this band. Narrow band bandstop filters are usually called as notch filters.
There are various methods to implement a notch filter. The one that will be discussed in this

section is bridged topology [16].
This method is based on the phase cancellation approach. Usual notch filters have low atten-
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uation at stopbands due to low Q of resonators. In order to increase its rejection levels, its
degree can be increased. However, number of elements used will also increase which is an
undesired situation. An alternative way to increase the rejection levels is to add another path
between input and output of filter. As shown in Figure 2.5, the input signal is split in two
paths. One of these branches is a notch filter at a certain frequency (fy) and the other branch
is a delay line. Some part of input signal passes through the delay line and the remaining part
passes through the notch filter branch. At the desired frequency, delays and attenuations in
each branch should be adjusted so that the signals at the outputs of these branches become
same in amplitude and there is a 180 degree phase difference between them. Then, these two

signals will cancel each other at the output.

delay line

BSF{fo) TS 1300

0 (at fo)

Figure 2.5: Phase Cancellation [16]

A bridged all pass filter can be converted to a bridged notch filter by using the approach
explained above. Firstly a bridged all pass filter is designed by bridging a band stop filter
as shown in Figure 2.6. Then, some element values are tuned such that there is 180 degree
phase difference between the signals passing through BSF path and bridge path at a certain
frequency. As a result, these two signals cancel each other.

L13

L
|_C|12 Cc23
T
2

F‘i

Figure 2.6: Bridged All Pass Filter Topology

The resultant notch filter can easily be converted to a tunable notch filter by placing varactor
diodes instead of capacitors. However, in this thesis, notch filter is used to suppress VHF band
when channel is adjusted to a frequency in UHF band. Therefore, design of a fixed frequency

bandstop filter that attenuates VHF band will be discussed in the next chapters.
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2.7 Pre-select and Image Reject Filters

Since pre-select filter is placed before LNA, its noise figure is directly added to the overall
noise figure. For a passive circuit, noise factor is equal to its attenuation [5]. Therefore, the
insertion loss of pre-select filter at passband should be minimum. This limits the degree of
the filter. On the other hand, the higher the degree of the filter is, the higher the attenuation
in the stopband is. Hence there is a trade-off between spurious attenuation and noise figure

performance for pre-select filter.

Image reject filter is placed after LNA, i,e. its contribution to the overall noise performance
is very small. Higher insertion loss can be allowed as a consequence of this. Hence its degree
can be higher than the pre-select filter in order to suppress spurious signals. However, since
the input signal will be amplified before image reject filter, its input IP3 should be higher than
pre-select filter in order not to degrade system performance for high input levels, which affect

the dynamic range of the receiver.

The filters’ bandwidths will be much larger than the channel bandwidth so more than one
channel can pass through the filters. The aim of using filters in the front-end is to suppress
spurious signals, not to suppress adjacent channel. Channel filtering will be done in IF stages.
The most important spurious signals are at the image frequency, 1/2 IF frequency and 1/3 IF
frequency as illustrated in Figure 2.7 [1]. If not suppressed, these signals can appear in IF

frequency after mixing operation as explained in Equations 2.19 to 2.22:

IF Frequency IF Frequency
q (45 MHz) N (45 MHz) D
IFi3
IFi2
(15 MHD) (22,5 MHz)
Image Local Oscilator ~ Spurious  Spurious Desired
Signal at131F  at1izIF Signal

Figure 2.7: Important Spurious Signals
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Desired RF Signal: wgr = wip + wip
Image Signal: Wim = Wro — WiF = WRE — 2W1F
WIF

1/2 IF Spurious Signal: wy/or = wro + 555 = wrp — 5F

1/3 IF Spurious Signal: w377 = wro + 55 = wrp — M%

When wanted RF signal is multiplied with local oscillator signal in the mixer, it will be down-

converted to IF frequency successfully:

2cos(Wrpt)cos(wrot) = cos([Wrp — wrolt) + HigherOrderT erm
= cos(wipt) + HO.T.

(2.19)

If the image signal is not attenuated, it will be multiplied with LO signal and will be downcon-
verted to IF frequency as shown in Equation 2.20. Assuming the conversion loss of the mixer
is same for the whole band, image frequency will not encounter any additional attenuation in

mixing procedure.

2cos(wiyt)cos(wrot) = cos(flwiy —wiolt) + HO.T.
= cos(wipt) + HO.T.

(2.20)

If 1/2 IF spurious signal is not suppressed, it will be downconverted to IF frequency due to
the non-linear behaviors of front-end section, LO section and mixer. If second harmonic of
this spurious signal appears at the RF input of mixer and if second harmonic of LO exists at
the LO input of mixer, they will be multiplied and consequently the unwanted signal will be
downconverted to IF frequency as shown in Equation 2.21. Since usually amplitude of the
harmonics are less than the main signal, attenuation of front-end filters at 1/2 IF frequency

can be less than attenuation at image frequency.
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2cos2wi prrt)cos2wrot) = 2cos2[wro + %]t)cos@wu)t)
= cosQCwro + wip —2wio) + HO.T.
= cos(wirt) + HO.T.

(2.21)

Similarly, if third harmonic of the spurious at 1/3 IF frequency is multiplied with third har-

monic of LO, an unwanted signal will appear in the IF frequency as shown in Equation 2.22.

2cos(3wipirt)cosBwrot) = 2cos3[wro + %]I)cos@wwt)
= cos(Bwro + wir — 3wro) + HO.T.
= cos(wipt) + HO.T.

(2.22)

The signals that are IF/2 and IF/3 higher than LO are discussed above. Similarly, the signals
that are IF/2 and IF/3 lower than LO can also distort IF signal if they are not attenuated.
However, note that they are more far away from passband and bandpass filters attenuate far
points better. In other words, these signals will be attenuated more by the filters. Therefore,
IF/2 and IF/3 that are closer to desired RF signal will be considered as spurious signals and

the others will not be taken into account.

If spurious signals are downconverted to IF frequency, they will be added to the desired IF
frequency and the desired message signal will be distorted. Once these unwanted signals are
downconverted to exact IF frequency, it will be impossible to eliminate them in later stages.

Therefore, best section to eliminate unwanted signals is the front-end stage.

To sum up, filters in front-end should be designed to attenuate spurious signals as much as
possible without degrading other performances of the receiver. In this thesis, dual band filters

are used as pre-select and image reject filters.
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CHAPTER 3

DUAL BAND FILTERS

3.1 Introduction

As mentioned in previous chapters, the targeted front-end will cover VHF and UHF bands.
This results in a need for an RF filter that covers both bands which are 136 MHz - 174 MHz
and 380 MHz - 470 MHz. In order to provide enough attenuation for spurious signals, these
filters should be tunable according to the selected channel frequency. Varactor diodes will be
used in order to change the capacitances in resonators, consequently the center frequency of
the filter. However, if a single band filter is tried to be tuned from 136 MHz to 470 MHz,
there will be a great degradation in bandwidth of the filter. Also, it will be hard to find a
varactor diode whose capacitance ratio is high enough to provide a tuning between 136 MHz
and 470 MHz for a tuning voltage changing from 1 V to 4 V. Using dual band filters ease the
design of RF filters in this front-end. Since the channel frequency can be as low as 136 MHz,
lumped elements are used in the front-end. Therefore, design of lumped dual band filters will

be focused in this chapter.

The simplest way to construct a filter which covers two bands is to combine two distinct
filters in parallel such that they do not affect each other [17]. However, there is a more
compact approach in which a single set of lumped elements is used. Dual band filters has the
advantage of combining two filters in a more compact physical filter [18], [19], [20], [21].
This results in a reduction in the total size of the filter. As described in [22], there are various
techniques to form a lumped element dual band filter. A simple way is cascading a bandstop
filter with a broadband bandpass filter. Then, the response can be optimized by tuning the

element values. Another way is to convert a normalized single passband BP prototype filter
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into a dual band BP filter by applying LP prototype to BP transformations. This is an exact
synthesis technique and no optimization is required to reshape the response. The third method
is to convert the LC resonators of a single band BP filter into forth order resonators to obtain

a dual band filter. Last two techniques will be described in the following sections.

3.2 Conversion of a Single Band Filter into a Dual Band Filter

A lumped element single band BP filter can be converted into a dual passband filter by apply-
ing some transformations on its LC resonators. The transformations are illustrated in Figure

3.1.

[a] BP element Dual PB elm. [b) BP element Dual PB elm.
s T oy B
—
[c] BS elm. Dual BS elm.  Dual BS elm. [d] BSelm. Dual BS elm. Dual BS elm.

[-4-11 T -B-ww

Figure 3.1: Conversion of Second Order Resonators into Forth Order Resonators [22]

These transformations can be applied to the single band BP filters which have transmission
zeros only at zero and infinity. In other words, it should not have any finite transmission
zeros (FTZs). Also, number of transmission zeros at zero should be equal to the number of
transmission zeros at infinity. On the other hand, this method brings the advantage of adjusting
the bandwidth of each band. The resultant dualband filter will have two passbands and one
stopband created by a finite transmission zero between these passbands. Relative bandwidths
of two passbands depend on the location of the FTZ. FTZ will come out to be closer to the
narrower passband. Therefore, if the relative bandwidths of two passbands are predefined, it
will not be possible to adjust the location of FTZ to obtain a desired stopband response. All

the FTZs appear to be at the same frequency.
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3.3 Conversion of Normalized BP Prototype to Dual Band Filter

By applying the classical LP prototype to BP transformations on a magnitude and frequency
normalized single passband BP prototype filter, a dual band filter can be obtained. In contrary
to the previous method, this technique brings the benefit of placing the FTZ to desired loca-
tions in order to shape up the stopband response. Locations of the resultant FTZs and edge
frequencies of two passbands come out to be geometrically symmetric with respect to the
stopband center. Therefore, this approach does not allow us to set widths of two passbands

independently.

Firstly a normalized lowpass filter is designed such that w,=1 and Rs=R;=1. The mapping

function used to obtain a bandpass filter from a LP prototype is

W= (- =) (3.1)

where w’ is the normalized frequency, wy and B are respectively the center frequency and

bandwidth of the resultant bandpass filter.

If the same mapping is applied to a normalized bandpass prototype filter, a dual band bandpass
filter can be obtained. Consider the normalized BP prototype shown in Figure 3.2, whose
upper band edge is w),=1 and lower band edge is w}. This prototype will be transformed to
a dual band filter whose lower band is between wy, and wy,, and upper band is between wi

and wy;, which satisfy

2
WiaW2p = W2aW1p = Wy (3.2)

Here, w'=0 is mapped to wg, w’, is mapped to wy, and wyp, w’ is mapped to wi, and wop,
Pp 1 pp 2 Pp

w’=c0 is mapped to w=0 and w=oco.

The design of the prototype filter starts by selecting the passband edge frequencies of the
desired dual band filter. Note that, it is enough to select only three of them. The forth edge
frequency can be found using Equation 3.2. Then, By and B can be calculated using equations

below:
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Figure 3.2: Mapping Between Normalized Bandpass Prototype and Dual Band Filter [22]

Bs = wip —waq (3.3)

B =wyp —wyig, (3.4)

Finally w} can be found using Equation 3.5.

w=— = T (3.5)

By knowing w/ and w’, a normalized bandpass filter can be synthesized using Filpro easily.
While designing the prototype, R} and R, must be selected as 1. Then, the classical LP-to-BP
mapping which is explained in Appendix A can be applied to this normalized prototype to

obtain a dual band BP filter.
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3.4 Analysis of Dual Band Filter Topology

A lumped element dual band filter obtained from a single resonator bandpass filter is indicated
in Figure 3.3. The dual band filter is composed of two resonators; a parallel LC resonator in
the shunt arm and a series LC resonator in the shunt arm. The parallel LC resonator creates
a passband at a certain frequency at which both L] and C| shows a high impedance. On the
other hand, the series LC branch acts as a short circuit at the resonance frequency so that
a notch is created at that frequency. Then, how is the second passband created and which
element affect the center frequency of each passband? Since the dual band filters used in this
thesis will be tunable, these issues should be investigated.

(I B

RS = B0 L1 = B.827 RL = &0 0.0  —
c1 o= 180

o 100,00 20000 FRES so000 400,00 500,00
50 MHz.

155 MHz 335 MH= 425 Mz

¢ 9 1 4 -

RS & BO Lt & B

i 100.00 zoo.o0  FREO g0 400.00 500,00
50 HHzs

Figure 3.3: A Simple Dual Band Filter Obtained From A Single Band Filter

Consider the resonator containing L} and C} whose resonance frequency is about 155 MHz.
Equivalent impedance of this resonator is as shown in Equation 3.6. At the frequencies lower
than 155 MHz, L} branch will represent a low impedance to ground so the signal is attenuated.
Also, the equivalent impedance of the resonator will be inductive. Similarly, the signals whose
frequencies are higher than 155 MHz will be attenuated since C branch will represent a low
impedance to ground and the equivalent impedance of the whole resonator will be capacitive

for high frequencies.

1 JwLy

1

(3.6)



If we investigate the notch resonator whose equivalent impedance is given in Equation 3.7
we see that for the signals lower than resonance frequency, the resonator represents capaci-
tive impedance and for signals higher than resonance frequency, the resonator represents an

inductive impedance.

20777
1 B .WC2L2—1

. =J
gwC wC)

Zéqz = jwL} + 3.7
Now, let us divide the frequency spectrum into three regions as shown in Figure 3.4.d. In
region-1 and region-2, the equivalent impedance of the notch resonator will be capacitive,
thus it will affect the center frequency of the first passband. In the example shown in Figure
3.3, single band filter resonates at 155 MHz. When it is converted to a dual band filter, a
notch resonator is added in the shunt arm and the capacitance value of bandpass resonator is
changed; i.e, Cy is 67 pF lower than C|. Note that around 155 MHz, the equivalent capacitance
of the notch arm is equal to 66.86 pF as indicated in Equation 3.8. In other words, after
addition of the notch resonator, the equivalent circuit becomes as shown in Figure 3.4.a and
in order to adjust the first passband again to 155 MHz, value of C; should be decreased by an
amount equal to the equivalent capacitance of notch resonator. To conclude, values of L, and

C, also affect the center frequency of the first passband.

aj

- 1 a)
Region-1 {) -|— 155 MHz 335 MHz 425 MHz

C : &6.86 a

: 687
@ 112,84

or
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: 5.87 H
C : 112,94 C 1 B

cj
Region-3 J— } s0.0

0 100,00 co0.00 _FREE  anp oo 400,00 500,00
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Figure 3.4: Equivalent Circuits of Dual Band Filter for Each Region

= j4.166 — j19.53 = — j15.364 = —
2 ]WCqu

. 1
Zegalw=155MHz; = jWLo + ~ (3.3)
jwC

= C,2=66.86 pF
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After the first resonance, equivalent impedance of the bandpass resonator becomes capacitive
(Figure 3.4.b). However, it does not affect the notch frequency since it is in parallel with the

notch resonator. Notch frequency depends only on L, and C,.

For the frequencies higher than the notch frequency, the bandpass resonator represents a ca-
pacitive impedance and the bandstop resonator represents an inductive impedance as indicated
in Figure 3.4.c. This capacitor-inductor pair creates another resonance which yields the sec-

ond passband. Therefore, the second passband is affected by L;, C;, L, and Cs.

For example, in the dual band filter shown in Figure 3.3, at 425 MHz equivalent capacitance

represented by bandpass resonator can be found to be 89.08 pF as follows:

jwLi  j15.66703 ,
= = —j4.206 = -
1—w2CiL, 3725 7 T Ceqt

Zegtlw=425MH7 = (3.9)

= C¢y1=89.08 pF
Similarly equivalent inductance of bandstop resonator can be calculated at 425 MHz as 1.61

nH.

1=w?CyL,

Zegplw=d25MHz = ] e J4.302 = jwleg (3.10)

= Lep=1.61 nH

And the resonance frequency of Ce and L., appears at 420 MHz which is so close to the

second passband.
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CHAPTER 4

VHF/UHF DUAL BAND FRONT END DESIGN AND
IMPLEMENTATION

The demand for wide-band and multi-band systems in communication sector is increasing
day by day. To fulfill this requirement, receivers covering more than one band should be
designed. In this chapter, an example for the usage of dual band filters will be illustrated
and implementation of a dual band receiver front-end will be explained. The circuits in the
front-end, such as pre-select filter, low noise amplifier, and image reject filter are successfully
designed, implemented and tested. At the end of this chapter, the performance of this front-

end will be compared to existent single band front-ends.

4.1 Design Constraints

There are two separate single band systems. Properties of these systems are given in Table
4.1. The aim is to design a front-end that works in both bands with same properties as the

single band front-ends.

Table 4.1: Basic Properties of VHF and UHF Receiver Systems

VHF Receiver | UHF Receiver
RF Input Frequency Range (MHz) 136-174 380-470
LO Frequency Range (MHz) 181-219 335-425
IF Frequency (MHz) 45 45
Channel Bandwidth (kHz) 25 25

As it can be seen, for VHF receiver LO frequency is higher than RF input signal; that is,
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significant spurious frequencies are higher than desired RF signal. Hence, filters must have
higher attenuation at upper stopband. On the other hand, for UHF receiver LO frequency is
lower than RF input signal, so the spurious frequencies will also be lower than desired RF

signal. Therefore filters must have higher attenuation at lower stopband.

Block diagram of a dual band receiver composed of two single band front-ends is shown in
Figure 4.1. Also, block diagram of the targeted dual band front-end is given in Figure 4.2.

Design of each part will be discussed in the next sections.

VHF VHF VHE VHF
Harmonic _ Preselect Image Reject

Filter

Filter /R Filter

' Switch
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Switch
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(Tunable) (Tunable) LO
BN BN 2
UHF QT{’Rl UHF UHF
Harmonic SWILER procelect  UHF Image Reject
Filter Filter LNA Filter

Figure 4.1: Block Diagram of Two Parallel Single Band Front-ends
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Figure 4.2: Block Diagram of Dual Band Front-end

Design constraints include overall front-end gain, noise figure, linearity, spurious rejection,

current consumption and number of elements used. The receiver will be used in a mobile
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communication device.

4.2 Design of Dual Band Filters

For VHF band, we have a fixed bandpass filter as pre-select filter and a tunable bandpass filter
as image reject filter in the traditional front-end shown in Figure 4.1. Responses of these

filters are given in Figure 4.3 and Figure 4.4.

File View Channel Calibration  Trace Scale Marker Systemn  Window  Help

: [136.000000 MHz  -1.7335 B
© |174.000000 bMHz -1 5787 dB
¢ [226.000000 MHz 5425 dB
T [ZB4.000000 MHz — B3.5345°dEB

Figure 4.3: Response of Fixed Pre-select Filter between 136 MHz and 174 MHz

For UHF band, we have two tunable bandpass filters. The filter before LNA has a notch in
the stopband while the filter after LNA does not have any notch. Both of them have two

resonators. Responses of these filters are given in Figure 4.5 and Figure 4.6.

All filters are tuned using varactor diodes at resonators. Tuning voltage, which comes from
the charge pump in frequency synthesizer, changes between 1 V and 4 V with respect to the
frequency of selected channel. Tunable filters have bandwidth about 20 MHz. In this thesis,

attenuation of spurious signals will be considered rather than bandwidth.
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Figure 4.6: Response of UHF Image Reject Filter at 380 MHz

The aim is to design dual band filters that cover both bands with similar insertion losses at

passbands and stopbands. Tuning voltage will again change between 1 V and 4 V.

4.2.1 Design With Filpro

The design process started using Filpro. Firstly, a single band bandpass filter is designed at
155 MHz, which is the arithmetic mean of VHF band. After that, this filter is converted to a
dual band filter such that its second passband appears at 425 MHz, which is the mean of UHF
band. Then, element values are tuned in order to adjust two passbands to 136 MHz and 380
MHz. Finally, element values are retuned such that passbands will be adjusted to 174 MHz
and 470 MHz.

Design of the single band bandpass filter is performed using synthesis approach in the follow-
ing steps:
o Filter Type is selected as lumped, bandpass, equiripple, doubly terminated and type-B.

e Passband ripple is selected as 0.3 dB, two cut-off frequencies are placed to 150 MHz

and 160 MHz, termination impedances are typed in as 50 ohms.
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e Three TZ’s at zero and one TZ at infinity are placed and extracted in the following

order: Zero-Zero-Inf-Zero.

As a result, the circuit shown in Figure 4.7.a is obtained.

e ] i

RS : &0 L = 28082 C : 3693 C : P42+ L = 0.0141 1rm: 14,052 AL : S50

e | 1 I

RS : 60 L ¢ 28082 C : 380,13 C ¢ 26791 C @ 350.19 L @ 28082 RL : 80

ST H 1 1 1 TE

RS : B0 K ¢ 171.33 L = 33 C ¢ 29.800 C : ZZ2F38 C : Z8.800 L & 33 K ¢ 171.33 AL : B8O

RS : BO Coor 82831 L = 32 C ¢ 222 L@ 32 C @ &2831 AL @ BO
c

Figure 4.7: Design Procedure of Single Band Filter in Filpro

Then, L-left capacitor pair is transformed into symmetrical pi capacitor pair (Figure 4.7.b).
Since the circuit becomes symmetrical and transformer value became very close to 1, the

transformer is deleted.

The inductances are scaled to 33nH by placing two inverters at the beginning and at end of

the circuit as shown in Figure 4.7.c.

After that the end inverters are replaced by capacitive L sections at 155 MHz. Shunt capacitors
came out to be negative but this is not a problem since there are positive capacitances in
parallel with those negative ones. After simplifying the circuit, filter given in Figure 4.7.d is

obtained. The equivalent shunt capacitor values are positive.

Then, second order resonators are converted to forth order resonators such that the second
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passband occurs at 425 MHz which is the mean of UHF band and the dual band filter given
in Figure 4.8 is obtained. As it can be seen, inductors and capacitors do not have standard
values. Since capacitors in the resonators will be realized using varactor diodes, they do not
need to have standard values. Therefore, inductor values are tuned to standard values while
the resonance frequencies remain the same. The resultant circuit is obtained as shown in

Figure 4.9 and its frequency response is given in Figure 4.10.
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RS : SO C PoE.2631 L & 35272 L : 30,545 C P25 L s 30054 L 1 35.272 C : &8.2631 RL @ G0
C : 138585 C G 7FEF C &7 C : 13,565

Figure 4.8: Dual Band Filter Obtained from the Single Band Filter
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Figure 4.9: Dual Band Filter with Realistic Inductor Values
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Figure 4.10: Response of Dual Band Filter

Note that while converting the single band filter to dual band filter, series LC resonators are

added to circuit and capacitance of parallel LC resonators are decreased to 14.42 pF. If the
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circuit is analyzed near 155 MHz, it can be seen that equivalent impedance of series LC
resonator is 9.59 pF. Hence the total capacitance seen by 33 nH inductor becomes 24.01 pF
so that the resonance again occurs at 155 MHz. This explains why center frequency of first
band does not change although the capacitance of parallel LC resonator changes. If same
analysis is done at 425 MHz, it can be seen that parallel LC resonator represent an equivalent
impedance of 10.17 pF while series LC resonator represent an equivalent impedance of 8.77
nH. Since these equivalent impedances are parallel to each other, they create a new resonance
near 425 MHz. Hence, it can be concluded that first and second passbands are affected from

both resonators.

Until now, a dual band filter whose passbands are at 155 MHz and 425 MHz has been de-
signed. Its insertion losses at 155 MHz and 425 MHz are about 0.23 dB and 0.42 dB respec-
tively. Also, return losses at the passbands are better than -10 dB. It is required to tune these
passbands from 136 MHz to 174 MHz and from 380 MHz to 470 MHz. This filter is opti-
mized so that passbands are located at 136 MHz and 380 MHz by changing the capacitance
values in the resonators. Then, it is re-optimized so that passbands are located at 174 MHz
and 470 MHz. Values of inductors should remain the same, so this optimization is done by
inspection. Element values to adjust the passbands to desired frequencies are as shown in
Figure 4.11. The responses of this filter at low-end and high-end of the bands are given in
Figure 4.12.

¢ 8 1 "1 3 |

RS : 5O C: 62631 L : 33 L : 27 Co: 22342 L : 27 Lt 33 C: & 2631 RL:GO ,
Co: 22.737 C : 29967 Co: 8.9887 C© @ 22,737 Low-end
RS : &0 C: 62631 L : 32 L & 27 C: 28078 L : 27 L 32 C:& 2631 RL:G0 High-end
Co: 5.26834 C & é.6997 C: 68997 © = 5.2634 L]

Figure 4.11: Element Values Required to Tune the Dual Band Filter to Low-ends and High-
ends of the Bands

Note that inductances remain the same while five capacitances vary as passbands are tuned
from low-end to high-end. The bandwidth gets larger at 470 MHz. Insertion losses are very
low since ideal elements are used. They are expected to increase when circuit will be imple-

mented.
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Figure 4.12: Response of Dual Band Filter at Low-ends and High-ends

4.2.2 Optimization With ADS

Until now, the filter has been designed using ideal elements in Filpro. It is simulated in ADS
using models of the elements including the effect of layout in order to see more realistic

response of it.

Before designing the layout, the packages of elements are decided. All of the capacitances
will be 0402 package. The capacitance values at resonators change with respect to the selected

frequency so they are realized using capacitor-varactor pairs as shown in Figure 4.13.

E

C tune Ca aractor
Diode

Cy

Figure 4.13: Capacitor-Varactor Pair Used to Tune Capacitances at Resonators

The voltage applied to varactors will change from 1 V to 4 V. When 1 V is applied, low-ends
of both bands will pass through the filter. When 4 V is applied, high-ends of both bands will
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pass. Series resistances of all varactor diodes used in this design are less than 0.5 Ohms.

As it can be seen from Figure 4.11, the capacitances of parallel LC resonators in shunt arm
change from 22.737 pF to 9.2634 pF. In order to perform this, 1SV325 varactor diodes can
be used. 1SV325 is modeled in ADS using the spice parameters given in its datasheet [23],
[24]. When this model is simulated, its capacitance values at 1 V and 4 V come out to be 49
pF and 11 pF respectively. If we place a 39 pF capacitor in series with this varactor and a 1.2
pF capacitor in parallel as shown in Figure 4.13, the equivalent capacitance at 1 V and 4 V

becomes 22.92 pF and 9.78 pF which are close to the desired capacitance values.

The capacitances in series LC resonators in shunt arm of the circuit shown in Figure 4.11
change between 9 pF and 6.7 pF. However, when the circuit is simulated in ADS, we observed
that it is better if this capacitance changes between 7.5 pF and 5 pF. This capacitance change
can be realized using JDV2S25FS varactor diodes. By using the spice parameters given in its
datasheet, JDV2S25FS was modeled in ADS [25], [26]. However, simulation results of this
model did not fit the data obtained experimentally, so some parameters are changed slightly
by inspection. When this model is simulated, its capacitance values at 1 V and 4 V are read
as 5.9 pF and 2 pF respectively. Referring to Figure 4.13, if 15 pF capacitor is placed as C1
and 3.3 pF capacitor is placed as C2, equivalent capacitance changes from 7.53 pF to 5.06 pF
as the applied voltage changes from 1 Vto 4 V.

In this design, inductors of Coilcraft are preferred to be used. Coilcraft already provides
models and s-parameters for most of their inductors. 33 nH 0805CS package inductors and
27 nH 0908SQ package inductors of Coilcraft are used. Also, s-parameters for capacitors are
also provided by their manufacturers. However, it is seen that using ideal capacitor or model
with s-parameters does not affect responses significantly. Therefore, ideal capacitors are used

for convenience in optimization process.

The layout is designed via momentum tool of ADS. A two layer card is created. The up-
per layer is component layer, the lower layer is ground layer and between them Hi-Tg FR4
substrate with thickness of 268 um is placed. Substrate properties are typed in as €,=4.2 and
ur=1 as they are given in datasheet. Conducting metal thickness of the component side is
selected as 18 um. After that, pads of capacitors, inductors and varactors are drawn on layout
window and they are connected to each other with microstrip lines having appropriate widths.

Inductors that are close to each other were placed perpendicular in order to dicrease the cou-
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pling between them. Lengths of microstrip lines are as short as possible. Then, this layout is
simulated, exported to schematics window and components are placed on the layout as shown

in Figure 4.15. The response of this tunable filter is given in Figure 4.16.
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Figure 4.14: Circuit Diagram of Dual Band Filter with Varactor Diodes

As it can be seen, when the filter is simulated using realistic elements and layout, insertion
loss increases. Especially the insertion losses at low-ends increased up to 6 dB which is
unacceptable. The center frequencies are at the desired frequencies. Also, note that when
control voltage is 1 V, the notch appears at 338 MHz which is not an important spurious
frequency. In order to attenuate image signal enough, the notch should be moved to the image
frequency. Similarly, at high-end response, the notch frequency is 406 MHz and it should also
be moved to the image frequency of high-end. As a result, the filter should be optimized to

fix the problems mentioned above.

In order to attenuate the image signal sufficiently, we need a notch at the image frequency.
Note that there is only one notch between two passbands in the response. However, we need
two notches since there are two image frequencies that have to be attenuated; one for VHF
band, one for UHF band. For example, when the filter is tuned to low-end, image of 136
MHz will be at 226 MHz and image of 380 MHz will be at 290 MHz. Therefore, both
226 MHz and 290 MHz should be attenuated enough. In order to obtain one more notch,
the coupling capacitor is replaced by a parallel LC resonator. Resonance frequency of the
coupling resonator is tuned to track the image frequency of VHF band while the resonance
frequencies of the shunt notch resonators are tuned to track the image frequency of UHF band.

This brings a few more elements to the circuit.
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Figure 4.15: Simulation of Designed Dual Band Filter in ADS with Layout
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Now, there are five resonators in the circuit. Also, we have two passbands and two notches to
be adjusted to the desired frequencies. As mentioned in section 3.4, one resonator can affect
more than one constraint of the design. For example, the element values of coupling resonator
affect the first notch frequency besides bandwidths and insertions losses of passbands. Simi-
larly, the element values of parallel LC resonators in shunt arms affect the center frequency of
both passbands. The element values of series LC resonators in shunt arms affect the frequency

of second notch and center frequency of both passbands.

Firstly the resonance frequency of the coupling resonator is decided. When control voltage is
1V, its resonance frequency should be at 226 MHz. Placing a 68nH inductor in parallel with
a 7.3 pF capacitor will create a notch at 226 MHz. When control voltage is 4 V, its resonance
frequency should be at 264 MHz. The notch can be tuned to 264 MHz if capacitance is
decreased to 5.35 pF while inductance remains 68 nH. Again this capacitance is realized
using a capacitor-varactor pair as shown in Figure 4.13. JDV2S07S is used for this purpose.
As voltage applied to its terminals change from 1 V to 4V, its capacitance changes from 4.5
pF to 2 pF respectively [30]. If we select C1 as 4 pF and C2 as 15 pF, equivalent capacitance
becomes 7,46 pF for 1 V and 5,76 pF for 4 V. As a result, place of the notch is determined so

that image frequencies of VHF band will be attenuated enough by this resonator.

Then, resonance frequencies of the notch resonators in shunt arms are decided. When low-
end is selected, their resonance frequencies should be at 290 MHz. In the previous circuit
these resonators were composed of a 7.5 pF capacitor in series with a 27 nH inductor and the
notch appeared at 338 MHz. In order to tune the notch to 290 MHz, equivalent capacitance
in series with 27 nH inductor should be increased to 11 pF. However, if we do this center fre-
quency of second passband will also decrease. Therefore, element values of these resonators
should be decided by considering notch frequency and center frequency of second passband
simultaneously. This can be done by changing inductance/capacitance ratio of resonator while
LxC product remains constant so that frequency of notch remains at 290 MHz. After a few
iterations, appropriate values can be found as 16 nH inductance in series with 19 pF capaci-
tance. Similarly, when high-end is selected, resonance frequency of this resonator should be
at 380 MHz. Notch frequency can be tuned to 380 MHz by changing the capacitance to 11
pF while inductance remains as 16 nH. In order to change the capacitance from 19 pF to 11
pE, JDV2SO08ES varactor diodes can be used. Its capacitance is 19.5 pF when 1 V is applied

to its terminals and this capacitance decreases to 6.5 pF as voltage applied increases to 4 V
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[32]. If a 68 pF capacitor is placed in series with JDV2S08FS and a 3.9 pF capacitor is placed
in parallel to them as shown in Figure 4.13, the equivalent capacitance changes from 19 pF to

11.3 pF as control voltage changes from 1 Vto 4 V.

Next step is to adjust the center frequency of first passband, which is mainly decided by the
resonance frequency of the parallel LC resonators in the shunt arm. When low-end is selected,
passband should settle at 136 MHz and when high-end is selected, passband should settle at
174 MHz. Suitable element values can be found after making a few iterations. However,
note that element values of this resonators also affect the second passband center frequency.
Hence, in fact optimization of these resonators is done simultaneously with optimization of
notch resonators in the shunt arm. After some iterations it is found that if an inductance of
27 nH is placed in parallel with a capacitance of 14.8pF, center frequency of first passband
appears at 136 MHz. For the high end, to tune the first passband to 174 MHz, inductor value
should remain as 27 nH and capacitance should be changed to 12 pF. In order to change
the capacitance value between 14.8 pF and 12 pF, JDV2SO08FS varactor diode can be used.
Referring to Figure 4.13, if C is selected as 10 pF and C5 is selected as 8.2 pF, the equivalent
capacitance changes from 14.8 pF to 12.1 pF as control voltage changes from 1 V to 4 V

respectively.

Finally, matching is improved in order to decrease insertion losses. To do this, two shunt
capacitors are placed at the beginning and at the end of the filter. After a few iterations, final
values of the filter elements are obtained as shown in Figure 4.17. Its frequency response is

given in Figure 4.19.
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Figure 4.17: Designed Dual Band Filter After Optimization in ADS

Until now, two separate single band filters have been combined as a dual band filter. The
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disadvantage of this dual band response is that the filter passes both bands. For example when
receiver channel is adjusted to 136 MHz, both 136 MHz and 380 MHz will pass through the
filter so undesired signals around 380 MHz will not be attenuated at the filter. Hence, the
unwanted band should be attenuated such that front-end has only one passband. Solution of

this problem will be mentioned in the next sections.

4.3 Harmonic Filters

In a transmitter system, output of the power amplifier (PA) usually passes through a filter
so that harmonics of desired signal will be attenuated. Otherwise, harmonics generated by
PA can reach to antenna and cause spectral pollution. In our transceiver system, a harmonic
filter is used between antenna and T/R switch as shown in Figure 4.1. T/R switch is used
to block PA signal to reach receiver side in transmitter mode. When radio is in receiver
mode, T/R switch is on and input signal is directed from antenna to receiver. When radio
is in transmitter mode, T/R switch is off and PA signal is directed to the antenna. In this
thesis, since transmitter circuits is not implemented, only passive elements of T/R switch are

included.

Harmonic filter affects the total noise figure of front-end since it is at the beginning of the

receiver. Therefore, its insertion loss should be as low as possible for whole band.

Since harmonic filters are important for transmitter part, they can not be implemented as dual-
band filters because harmonics of VHF band appears in the UHF band. For instance, when
transmitter is adjusted to 150 MHz, its third harmonic at 450 MHz will not be attenuated
sufficiently and it will be radiated by antenna if a dual band filter is used as harmonic filters.
Therefore, harmonic filters are implemented as two single band filters in a diplexer topology.
The antenna is connected to input of this diplexer. The diplexer has two branches: VHF
branch and UHF branch. The outputs of these branches are connected to an RF switch whose
insertion loss is about 0.3 dB and isolation is better than 50 dB. The output of RF switch is

connected to the dual band filter as shown in Figure 4.2.

Also, as mentioned at the end of section 4.2.2, dual band filters pass two bands at the same
time. VHF harmonic filter impose a high attenuation at UHF band. When VHF band is

selected, VHF Harmonic filter suppress UHF band, so only the desired signal passes through
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the front-end without any attenuation. In other words, front-end will have only one passband.
However, UHF harmonic filter does not attenuate VHF band significantly. Therefore, when
UHF band is selected, both VHF and UHF band signals pass through the front-end. In order to
come up with this problem, a notch filter that attenuates VHF band is placed at UHF branch.

This VHF notch filter should have very little attenuation at UHF band.

VHEF notch filter is designed using Filpro. Firstly, a Bridge-Tee allpass filter is built by in-
serting elements. All element values are selected as default values. Then, a notch filter is
designed from this allpass filter using the principle explained in section 2.6. The elements are
tuned to appropriate values. The resultant notch filter and its response are shown in Figure

4.20 and Figure 4.21 respectively.
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Figure 4.20: Brigde Tee Notch Filter Designed in Filpro

This filter attenuates VHF band more than 20 dB and has insertion loss at UHF band less than
0.14 dB. This amount of suppression at VHF band is not enough, so another notch resonator
is cascaded with this filter. The resonance frequency of additional resonator is 174 MHz.
After that, element values are changed to realizable values. The final circuit and its response
are given in Figure 4.22 and Figure 4.23. As it can be seen, it attenuates VHF band more
than 53 dB and its insertion loss at UHF band is less than 0.04 dB. Surely its insertion loss
will increase when this filter is simulated using realistic models of elements but this is an

acceptable response.

Harmonic filters are not designed again since we can use the harmonic filters that have been

used in receiver system shown in Figure 4.1.

As the next step, a simulation including effects of layout and realistic elements is performed

using ADS. First of all a suitable layout is designed using momentum tool. For the UHF
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Figure 4.23: Response of VHF Notch Filter Designed in Filpro

harmonic filter, Hi-TG FR4 with thickness of 406 um is used. For VHF harmonic filter and
VHEF notch filter, substrate thicknesses were set as 268 um. Then, this layout was placed to

schematic window and model of each element was located on its pads on the layout. Circuits

are shown in Figure 4.24.

Response of VHF notch filter designed in Filpro is shown in Figure 4.27.

Simulation result of UHF branch and VHF branch are given in Figure 4.28 and Figure 4.29

respectively. Affect of RF switch is included in these simulation results.

4.4 Low Noise Amplifier

As mentioned earlier, a low noise amplifier is used in the front-end in order to improve noise
performance of the receiver and amplify the input signal. The noise figure of the amplifier
should be less than 2.5 dB and a gain of 15 dB will be enough to strengthen the input signal.

Total gain of the front-end is expected to be between 10 dB and 11 dB for both bands. Gain
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flatness is also an important parameter. To ensure same performance for the whole band, gain
of LNA should be arranged such that total gain of front-end will not change more than 1 dB
with respect to frequency. Another important design constraint is linearity of LNA. Its 11P3
should be high enough so that //P3 of the front-end will be about 0 dBm. Also, S1; and S,
less than -10 dB are enough for matching. Besides these, amplifier should be stable for the
whole spectrum. In order to prevent the amplifier from oscillations, external feedback circuits

should be designed carefully since they may lead to instabilities [27].

First of all, LNA is supplied from a 5 V voltage regulator. On the other hand, while deciding
current drawn from supply (Iss), a trade-off should be taken into account. According to the
rule of thumb given in Equation 4.1, IP3 can be improved by increasing collector current
(Ic) of transistor [28]. Also, gain can be increased by increasing current drawn by LNA.
However, noise performance is inversely proportional to current drawn. As Igg increases,
noise figure increases too. Also, since this LNA will be used in a mobile receiver system, it
will be better to decrease power dissipation as much as possible. Therefore, Iss should be
decided in simulation process to satisfy all design constraints. The low noise amplifiers of

single band filters draw 6 mA from power supply.

OIP3[dBm] = 10log(5xV .x1.) 4.1

There are some MMIC low noise amplifiers in the market that cover both VHF-UHF bands but
their power dissipation are usually too high. RFMD’s SGL0363Z RFIC LNA draws nearly
5 mA current from 3.3 V [29]. Its noise figure is very low. Return loss is better than -10
dB. Its gain is given in its datasheet as 20 dB which is too high but an attenuator can be
placed after the LNA. Its OIP3 is given as higher than 13 dB which refers to -7 dB 11P3
since its gain is about 20 dB. This may be a problem. Another disadvantage of SGL0363Z
is that it requires different matching circuits for VHF and UHF bands according to suggested
application schematics given in its datasheet. While designing the PCB, a circuit for this RFIC
is placed to see whether it works properly after an optimization. However, since there is a risk
of failure for SGL0363Z, a discrete LNA is designed using BFR340F and a circuit for it is
also placed on the PCB.

Circuit diagram of the designed discrete LNA is given in Figure 4.30. Here, the active bias

circuit provides DC bias stability to the LNA. C56 and C65 are used for matching and DC
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blocking. L27 and L26 are also used for matching. Besides, they isolate RF signal from
the DC bias circuit while not affecting DC biasing. Bypass capacitors are also used to block
RF signals since they act as ground at high frequencies. C57, L24 and R1 provide feedback
to adjust the gain and gain flatness. RS is used to improve the stability of LNA, however it

degrades the /P3 performance [28].
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Figure 4.30: Circuit Diagram of LNA

In order to simulate this LNA, a proper layout is designed in ADS as shown in Figure 4.31.
The response of the LNA is given in Figure 4.32. As it can be seen, gain of LNA varies
between 17.265 dB and 17.530 dB. Gain level and flatness is as desired. S; is lower than
-13 dB. On the other hand, highest value of S, is -9.5 dB. These responses are acceptable.
However, note that the total losses of filters in UHF band are nearly 1 dB higher than those
in VHF band. In practice this difference can be higher. The aim was to have maximum of 1
dB difference in total gain of front-end for the whole band. Therefore, it may be necessary to

re-optimize this LNA so that it has higher gain in UHF band.

Referring to the circuit in Figure 4.30, when C56, C57, R1, L26 and C65 are changed to 100
pE 220 pF, 390 Ohm, 150 nH and 470 pF respectively, gain of LNA becomes higher at UHF
than VHF. Response of the circuit with these elements is shown in Figure 4.33. If such a

response is needed for LNA in practice, these element values can be used.

48



dB(S(2,17)

ni2)

MFEmin

wideband_LHAT_Layout?
wiideband_LHA1_Layoutz_1
Model Type=hii

Figure 4.31: Designed LNA Circuit and Layout

m1 ma
freq=136 OMHz freq=380.0MHz
dB(5(2 1))=17 265 dB[5(2 13=17 495
2 met
freq=174.0MHz freg=470 0hHz
dB(S(2,10)="17 366 dB(5(2.13)=17 530
\\\3 m4
] m2
m
L T L P L L
100 200 300 400 00 600
freq, MHz
QDi 9
] m10
PN R A A
freq, MHzZ

R=15 k0Ol

ms

freq=174 OhHz
dB{Si2.2))=-14.497

m7
freq=470 OMHz
dB{S(2.2])=-9 56

mis
freq=151.0MHz

dB{5(1,1))=-18.585

ma
freq=470.0MHz
dB(S{1,11)=-13 457

3

T—

8=
BE a1 W

EEl

1 mG

m7

m3

LI
100 200

m4
freq="1360MHz
nf{2)=1.926

m10
freq=470 0hHz

ni(2)=1770

Figure 4.32: Response of Designed LNA

400 500

freq, MHz




dB(S(2.1))

rf{2)

MNFmin

m1m2

m4

m3

200

100 300

400 500 4

freq, MHz

28

2.4

ER 1]
22+

2.0_N

200

100 200

400

500

freq, MHz
m9 m10
freq=136.0MHz freq=470.0MHz
nf(2)=2.195 nf(2)=1.908

600

m1
freq=136.0MHz
dB(S(2,1))=15.407

m3
freq=380.0MHz
dB(S(2,1))=16.562

m2
freq=174.0MHz
dB(S(2,1))=15.602

m4
freq=470.0MHz
dB(S(2,1))=17.114]

m5
freq=136.0MHz
dB(S(1,1))=-12.009

mé
freq=470.0MHz
dB(S(1,1))=-9.022

m7
freq=136.0MHz

m8
freq=470.0MHz

dB(S(2,2))=-17.662

dB(S(2,2))=-9.831

m7

m
I

0 200

300

400

500

freq, MHz

B

Figure 4.33: Response of Designed LNA After Optimization Such That It Has Higher Gain

at UHF Band

4.5 Simulation of Front-end

Until now, each circuit was designed and simulated separately. Now, the performance of all

front-end will be investigated by combining the circuits as shown in Figure 4.34. In this

figure, Vy,, is the tuning voltage of dual band filters and V4,0 is the control voltage of RF

switch. Receiver frequency can be adjusted via Vipnror and Vyne. When Veopsror 1s low, VHF

band is selected and when it is high, UHF band is selected. As V. is changed between 1 V

and 4 V, the selected band changes between low-end and high-end.
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Figure 4.34: Block Diagram of Designed Front-end in ADS
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The response of front-end is given in Figure 4.35 and Figure 4.36. As it can be seen, total
gain of the front-end changes between 10.3 dB and 10.8 dB for the whole band. Desired gain
flatness is achieved. The image frequency is attenuated more than -85 dB. Also, 1/2 IF and
1/3 IF spurious signals are suppressed enough. Besides these, note that when VHF band is

selected, UHF band is attenuated about 50 dB and vice versa. These responses are acceptable,

so this front-end is implemented.
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4.6 Implementation of Front-end

In order to test the designed front-end, a printed circuit board is manufactured. While de-
signing and simulating the front-end in ADS, the layout of the circuits, pads of the elements,
thickness and properties of substrate were also taken into account. Layout of the PCB is
drawn similar to that of simulated circuits as much as possible. PCB is composed of three
HI-TG FR4 substrates and four layers as shown in Figure 4.37. The first layer is the compo-
nent side. Second layer is removed completely. The part of third layer under UHF harmonic
filter is removed and the remaining part is set as ground layer. All of the forth layer is set as
ground layer. Paths of DC control voltages are drawn on this layer. As a result, the distance
between UHF harmonic filter and ground layer is 406 um while the distance between other
circuits and ground layer is 268 um. These values are close to the substrate thickness values
used in simulations. The component layer of PCB is given in Figure 4.38 and picture of the
produced PCB is given in Figure 4.39. As it can be seen, locations of pads of all elements
are similar to those in simulated circuits. Also traces are drawn as short as possible. In order
to optimize and test each circuit individually, u-fl connectors are located at the beginning and

end of each circuit.

18 pn
1201
18
130p
18 pn

120 1

18

Figure 4.37: Layers of Designed PCB

4.7 Test of Front-end

After the PCB is manufactured, measurements of each circuit are performed using Agilent

E8801A PNA Network Analyzer, Agilent E3633A DC Power Supply, HP E3620A Dual Out-
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Figure 4.38: Component Layer of Designed PCB
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Figure 4.39: Manufactured Printed Circuit Board
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put DC Power Supply, HP 8970B Noise Figure Meter, Agilent 346B Noise Source, Agilent

E4438C Vector Signal Generator and HP 8590L Spectrum Analyzer. The measurement setup

is shown in Figure 4.40.

Figure 4.40: Measurement Setup

4.7.1 Test of Dual-Band Filters

First of all, elements of dual band filter are soldered. After testing the filter, it is seen that
passbands are at the desired frequencies and attenuations of spurious signals are acceptable.
The only problem was that attenuation at UHF is slightly higher than the expected values.
This problem is solved by changing the matching capacitances at the input and output of
circuit. Referring to Figure 4.17, C2 is changed to 4.7 pF, C53 is changed to 15 pF and C14

is changed to 2.7 pF. Other element values remain the same.

The response of this optimized filter is shown in Figure 4.41 and Figure 4.42. As it can be
investigated from these figures, image signals are attenuated more than 40 dB. Also, atten-
uation levels at other spurious frequencies are enough. Insertion loss at VHF is less then 2
dB while insertion loss at UHF is slightly higher than 2 dB. Besides, return losses are better

than -10 dB within the passbands. //P3 of this filter is measured as given in Table 4.2. Its
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lowest value is +14 dBm at 470 MHz. According to this, pre-select filter do not cause any
linearity problem. On the other hand, input signal at antenna is amplified about 12-13 dB
until it reaches to image reject filter. Hence, there may be distortion for high input levels at

470 MHz. In short, the filter fits the requirements and it can be used in the front-end.

Table 4.2: IIP3 Performance of Dual Band Filter

Frequency | 11P3 (+0.5dB)
136 MHz 16 dBm
174 MHz 19 dBm
380 MHz 24 dBm
470 MHz 14 dBm

4.7.2 Test of Harmonic Filters

First, elements of VHF notch filter are soldered and its response is observed as shown in
Figure 4.43. Its insertion loss at UHF is lower than 0.34 dB and suppression of VHF band is

higher than 45 dB. Since this response is acceptable, no optimization is made for this filter.

Then, elements of UHF and VHF Harmonic Filters are placed on the PCB. Insertion loss of
UHEF branch appeared as 2 dB at 470 MHz. Therefore, element values are slightly tuned until
having an acceptable response. Finally, the responses shown in Figure 4.43 and Figure 4.45
are achieved. These responses exclude the effect of RF switch. As it can be seen, insertion
loss of UHF branch is lower than 1.37 dB in UHF band while its attenuation in VHF band
is more than 33 dB. Insertion loss of VHF branch is lower than 1 dB in VHF band and it
suppresses UHF band more than 60 dB. Note that insertion loss of UHF branch is slightly
more than that of VHF branch due to the notch filter in UHF branch. /P53 of harmonic filter
branches were measured better than +28 dBm for all frequencies including the effect of RF

switch.

4.7.3 Test of LNA

Then, the elements of LNA are soldered and its response is observed. Excluding S22, it is as

expected. By making a few optimizations, the response shown in Figure 4.46 is obtained.
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Figure 4.43: Response of VHF Notch Filter

As it can be seen, S| changes between 15.7 dB and 15.4 dB while S 11 and S5, are better than
-9.5 dB. Each dual band filter has nearly 0.75 dB higher insertion loss at UHF. Also, insertion
loss of UHF harmonic filter is 0.5 dB higher than that of VHF harmonic filter. If this LNA is
used, there will be about 2 dB difference between gain of front-end at UHF and VHF. Hence,

LNA shown in Figure 4.47 is used in front-end and its response are given in Figure 4.48.

Input /P53 of this LNA is measured as given in Table 4.3 and its lowest value is -4 dBm at 470
MHz. Also, its noise figure is lower than 2.5 dB for the whole band. This LNA is usable for

the front-end.

Table 4.3: Noise Figure and IIP3 Performance of LNA

Frequency | Noise Figure (+0.2dB) | 11P3 (+0.5dB)
136 MHz 2.4 dB 0.5 dBm
174 MHz 2.3dB 0.7 dBm
380 MHz 2.4 dB -2.5dBm
470 MHz 2.3dB -4.0 dBm
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4.7.4 Test of Dual Band Front-end and Comparison with Single Band Front-ends

In this section, responses of designed dual band front-end will be discussed and compared
to the simulation results and response of traditional single band front-ends. Responses of
simulated dual band front-end, manufactured dual band front-end and single band front-ends
are illustrated in Figures 4.49 to 4.64. Also, noise figure and //P3 of produced dual band

front-end are measured as given in Table 4.4.

To begin with, S;; of dual band front-end changes between 10.38 dB and 10.82 dB. To adjust
the gain level to these values, a 1 dB attenuator is placed at the end of the front-end. Targeted
gain level and gain flatness are reached. Besides, S |1 and S, are lower than -10 dB for whole

band as desired.

As illustrated in Table 4.4 noise figure is lower than 6.4 dB and input third order interception
point is higher than -3 dBm. Noise figure is observed for the whole band and it does not
exceed 6.4 dB which occurs at 470 MHz. The aim was to have a noise figure between 5 dB
and 6 dB. This goal was decided by considering the performance of single band front-ends
and need for an additional filter was not estimated. However, for UHF band, we had to place
a notch filter to suppress VHF band. Since this filter is in front of LNA, its loss at UHF band

causes an increase in noise figure. Besides, the loss of RF switch degrades the noise figure
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performance, too. Hence, for UHF band, goal can be extended and 6.4 dB noise figure can be
accepted. Note that, at VHF band there is no additional filter before the LNA, so the goal for

noise figure is reached.

Table 4.4: Noise Figure and I1IP3 Performance of Dual Band Front-end

Frequency | Noise Figure (+0.2dB) | 1I1P3 (+0.5dB)
136 MHz 5.3dB 0 dBm
174 MHz 5.6 dB -0.5 dBm
380 MHz 6.1 dB -1.5dBm
470 MHz 6.4 dB -3.0 dBm

On the other hand, //P3 is only measured at four frequencies given in Table 4.4. The lowest
value was observed at 470 MHz as -3 dB. The aim for //P3 was O dBm. Test results are close
to the goal. This much of //P5 can be accepted since it results in 75.6 dB IMD. If a better /P53
performance is needed, the cause of degradation in /P3 should be found and that part should
be re-designed. Harmonic filters do not have any active component, so they are not expected
to cause a degradation in linearity of front-end. As mentioned in Chapter 1, linearity of the
filter after LNA should be higher since it has the highest input signal level. In our design, same
dual band filter is used before and after the LNA. The slight difference between test results
and goal may be caused by the dual band filter after LNA. /P3 performance can be improved
by using another dual band filter that has higher //P3 instead of the dual band filter after LNA.
Additionally, the gain of front-end changes actually between 11.4 dB and 11.8 dB. In order
to decrease total gain, a 1 dB attenuator was placed at the end of the front-end. If gain of
LNA can be decreased 1 dB for the whole band, aimed gain and gain flatness can be reached
without a need for an attenuator. By this way, the signal level at the input of second dual band
filter will decrease 1 dB and the /1P5; performance of front-end will be better. This can also
be done by placing the 1 dB attenuator between LNA and second dual-band filter instead of
placing it at the end of front-end. However, //P3 of dual band filter was high enough at 380
MHz. Its lowest value was 14 dBm at 470 MHz. Therefore, the slight difference in /P53 at
380 MHz is most probably caused by another circuit. If it is caused by non-linearity of LNA,
it should be re-designed such that it has higher /P3. In order to increase the linearity of LNA,
current drawn by it can be increased. However, this may lead to an increase in noise figure

and gain of the amplifier. Hence, it may be necessary to re-design the LNA. Since -3 dB I1P3
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is enough for 75 dB IMD performance, no optimization is done for LNA and double band

filter.

Actually, by using the formula of //P5 for cascaded stages, the guilty of degradation in total

11P5 can be found as follows:

at380MHz =

L 1 GHr GurGpserr | GHrGpeePrGLNA
iip3 ol UP3HF  iP3,DBBPF iip3,LNA iip3,DBBPF

- 1 + 0.755 | 0.755x0.63  0.755x0.63x39.81
~ 631 251 0.562 251

~ 0+ 0.003 + 0.846 + 0.075 = 0.925

+ +

= 1P o = 0.34dB (4.2)

In the calculation of total /1 P3, since 11 P3 of harmonic filter is too high, the first term vanishes.
Third term is the highest one (0.846) which corresponds to //P3 of LNA. Hence, it can be said
that LNA causes degradation in total //P3 at 380 MHz. Similar analysis can be performed at
470 MHz.

1 _ _1 GHF GurGperr | GurGpeerrGina
i3 total iip3HF  1p3.DBBPF iip3.LNA iip3.DBBPF
_ 1 0.729 0.729x0.59 0.729x0.59x39.81
) A T S |V R 25

~0+0.029 + 1.075 + 0,685 = 1.789

= IIP3,Z‘()ICII = —25dB (43)

Again, the highest term is the third one which corresponds to //P3; of LNA. Therefore, if LNA
is re-optimized such that it has a higher /7P, total /1/P3 of system can be improved. Image
reject filter also affects /1P3 of front-end. Note that calculated total //P3 is very close to the

measured one at 470 MHz.

As mentioned before, gain, gain flatness and matching of designed front-end are as desired.
In figures below, attenuations of produced dual band front-end are compared with simulated

dual band front-end and traditional single band front-ends.

Simulation and test results of dual band front-end fit mostly each other. Usually there is an
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Figure 4.49: Responses of Single Band and Dual Band Front-ends at 136 MHz

incompatibility between attenuations at image frequencies. However, in practice it would

be utopic to expect nearly 130 dB attenuation at image frequency. Attenuations at image

frequencies seem to be enough. The aim is better than 75 dB attenuation at image frequency.

The worst case occurs at 470 MHz as 79.6 dB. At other frequencies, image rejection is better

than 80 dB. Also, attenuation levels at 1/2 IF and 1/3 IF spurious frequencies are close to each

other for simulation and test results. It is enough to attenuate 1/2 IF spurious signal and 1/3

IF spurious signal for 6 dB and 12 dB respectively. These values base on the responses of

single band front-ends. For the whole band, attenuation at 1/2 IF spurious frequency is more

than 7 dB and attenuation at 1/3 IF spurious frequency is more than 12.6 dB. Hence, it can be

concluded that the dual band front-end blocks the spurious signals enough.
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Note that all the circuits on fabricated PCB are at the same side and there is no precaution
for coupling between them. The performance of implemented front-end can be improved by
separating circuits from each other so that couplings are minimized. For this purpose, metal
walls can be placed between each circuit. Another method is to place some of the circuits
to the backside of PCB and place a ground layer to prevent coupling. However, since these

responses were acceptable for us, PCB was not re-designed.
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Figure 4.52: Comparison of Simulation and Test Results of Front-ends at 136 MHz

4.7.5 Performance of the Receiver System With Dual Band Front-end

After testing the implemented dual band front-end, we connected output of it to RF input of
the mixer in the receiver system by using a coaxial cable. As a result, the performance of the

receiver was obtained as given in Table 4.5.
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Table 4.5: Performance of Receiver System With Dual Band Front-end

Frequency (MHz) | 136 174 380 470 | Specification
Sensitivity (dBm) | -119.0 | -119.5 | -118.5 | -119.0 -118.0
IMD (dB) 75 76 73 73 73
1/2 IF Re;j. (dB) 94 101 81 82 70
1/3 IF Re;j. (dB) 98 101 97 93 70
Image Rej. (dB) 91 73 70 71 70

Sensitivity of the receiver is better than -118 dB. IMD is at the limit but it is still acceptable.
IMD is probably limited by the IF circuits since the input signal is amplified further in IF
stages. Spurious rejections at 1/2 IF and 1/3 IF frequencies are very good while image rejec-
tion is close to the limit value. This may happen due to the coupling between circuits. Note
that while measuring this performance, front-end circuits were not in the same PCB with the
rest of receiver. If the dual band front-end and rest of receiver are implemented in the same
PCB and metal walls are placed between each circuit, image rejection performance may im-
prove. To conclude, receiver system satisfies the specified performance with implemented

dual band front-end.
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CHAPTER 5

DESIGN OF A TRIPLE BAND TUNABLE FILTER AND A
WIDE-BAND LNA

Until now, a dual band front-end has been designed, implemented and tested. The primary ob-
ject of this thesis is accomplished successfully. Now, it is time to take another step forward.
As the future work, we can try to design a triple band tunable front-end. For this purpose,
a triple band tunable filter and a low noise amplifier that covers three bands will be needed.
Also, there will be three harmonic filters for each band. According to the performances of har-
monic filters there may be a need for notch filters in order to suppress the unwanted passbands
of triple band filter. Primary object of harmonic filters is to suppress harmonic components
that occur at the output of power amplifier in transmitter mode. Design of harmonic filter
should be done by taking power amplifier into account. Hence in this chapter only design of

triple band filters and wide-band LNA are considered.

5.1 Design Constraints

Assume that a new band is added to the previously designed dual band filter. This additional
band will cover the band of frequencies between 700 MHz and 800 MHz. IF frequency will
again be 45 MHz, so LO will be 45 MHz lower than the desired RF signal (Table 5.1). Hence,
most important spurious signals will be lower than selected channel frequency which yields

in need for a notch between second passband and third passband of the triple band filter.

Block diagram of the triple band front-end is shown in Figure 5.1.
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Table 5.1: Basic Properties of Triple Band Receiver System

Figure 5.1: Block Diagram of Triple Band Front-end
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5.2 Design of Triple Band Filter

Design procedure of triple band filter is same as the dual band one. Starting point is the single
band filter shown in Figure 5.2.a. Center frequency of this filter is at 155 MHz. Then, a dual
band filter is obtained by converting the second order L-C resonators to forth order resonators
so that its second passband occurs at 425 MHz (Figure 5.2.b). Then comes the step to obtain
the triple band filter. Applying the same transformation to the parallel LC resonators again
results in addition of another series LC resonator in shunt arm (Figure 5.2.c). This resonator
creates a notch near 660 MHz and a passband at 750 MHz. S ,; response of this filter is given

in Figure 5.3.
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Figure 5.2: Design of Triple Band Filter in Filpro

Optimization of this triple band filter is done by inspection. Response of the circuit in Figure
5.2.c has too much ripple in the third passband. Besides, note that there is only one notch
between first and second passbands. In order to attenuate image signals of VHF and UHF
signals, we need two notches between first two passbands. Hence the coupling capacitor is
replaced by a parallel LC resonator which creates an additional notch to track image signal of
VHF band (Figure 5.2.d). Also adding two 1nH coupling inductors between notch resonators

decreases the ripple in the third passband. As a result, the triple band filter shown in Figure
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Figure 5.3: Response of Triple Band Filter in Figure 5.2.c

5.2.e is obtained. Its response is given in Figure 5.4.

Finally, element values needed to tune this front-end filter to low-end and high-end of each
band are found as given in Figure 5.5. Note that, in order to tune the filter, it is required to
tune 9 capacitors. Tuning these capacitors will be performed using varactor diodes. Then,
this filter is optimized and simulated in ADS using varactor diodes. During the optimization
process, it is seen that tuning all of the matching capacitors yields better response. Matching
capacitances in shunt arm need to be changed from 5 pF to 35 pF as tuning voltage changes
from 1 V to 4 V. Similarly, matching capacitances in series arm need to be changed from 4
pF to 22 pF for 1 V and 4 V, respectively. Hence, those capacitors are also realized using
varactors. Circuit diagram of this filter is given in Figure 5.6 and simulation result of it is

given in Figure 5.7.

In the circuit diagram, it can be seen that varactor diodes at input and output of filter are biased
from 5 V and V,,,,.. When reverse voltage applied to a varactor diode increases, capacitance
of it decreases. As Vy,,. increases, capacitances at resonators need to decrease so that center
frequencies can increase. On the other hand, capacitances at the input and output of filter
tend to increase as V. increases. Therefore, 5 V is applied to cathode of these varactors and

Viune 1s applied to anode of them. When Vi, is 1 V, reverse voltage applied to these diodes
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Figure 5.7: Simulation Result of the Triple Band Filter in ADS

becomes 4 V and vice versa.

Loss of filter at VHF band is lower than 2.5 dB. It increases up to 4.5 dB at UHF-1 band. Since
there are seven resonators and 13 varactor diodes in the filter, this much of loss is expected.
However, this prevents it to be used as pre-select filter since it causes an increase in noise
figure of receiver. At UHF-2 loss dramatically increases up to 10 dB. This is unacceptable
and should be decreased. Attenuations at image signals are higher than 50 dB for whole bands.
This filter can be used in the triple band front-end if its loss at UHF-2 band is decreased below
5 dB.

5.3 Design of LNA

For the dual band front-end, a LNA working between 136 MHz and 470 MHz was designed
using BFR340F. This LNA is re-optimized so that its band is extended to 800 MHz. Simulated

LNA and its response are illustrated in Figure 5.8 and Figure 5.9, respectively.

Its noise figure is lower than 2.5 dB. S| and S, are better than 10 dB for the whole band.
Gain changes between 14.2 dB and 15.3 dB. Assuming that the total loss of other circuits does
not change with respect to frequency, this LNA can be used in the triple band filter. However,
loss of triple band filter increase as the frequency increases. Therefore, it may be required to

optimize this LNA so that its gain increases as frequency increases.
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This project has not been finished yet. The procedure explained in Chapter 6 should be per-

formed in order to implement the triple band front-end.

78



CHAPTER 6

CONCLUSION AND THE FUTURE WORK

In this thesis, a tunable dual band front-end which can be used in a V/UHF mobile wireless
transceiver system has been designed and implemented successfully. The key feature of this
work was the usage of dual band tunable filters. Besides dual-band filter, a wide-band low
noise amplifier and a notch filter was designed and implemented to form the front-end. The
predefined goals were determined according to the responses of existing single band tunable
front-ends. The aim was to design and implement a dual-band front-end that has the same

performance as the single band front-ends.

In the design of dual band filter, filter design program FILPRO is used. The resulting circuits
are transferred to ADS in order to simulate whole front-end. Simulation and test results fit

each other.

The most important characteristics of a front-end are its gain, gain flatness, noise figure,
linearity and suppression of spurious signals. Number of elements used and current drawn
from supply are also taken into consideration. The gain of the implemented front-end is
changing between 10.38 dB and 10.82 dB throughout the whole band. Total noise figure is
lower than 6.44 dB. Attenuation levels at spurious frequencies are enough. The only current
dissipating component is LNA. Exactly like the single band amplifiers, the LNA of dual-band
front-end draws 6 mA current from a 5 V power supply. Number of elements used in dual

band front-end is 136 while the total number of elements in single band front-ends is 155.

In summary, the objective was accomplished and it was proved that it is possible to combine
two single band front-ends in a dual band front-end containing dual band filters without any

significant degradation in the performance.
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6.1 Future Works

Future work includes the design of tunable front-ends that cover more than two bands. A
triple band front-end can be designed using triple band filters and a wider band LNA. A study
that can be an introduction to this future project is explained in Chapter 5. If the procedure

described below is followed, a triple band front-end can be obtained:

e Designed triple band filter and LNA should be simulated including affects of realistic

models of inductors and layout. In this step, further optimizations may be needed.

e A Harmonic filter should be designed and simulated for UHF-2 band. If attenuation of
this filter at VHF and UHF-1 bands becomes low, a notch filter should be placed at the

output of it to block those bands when UHF-2 band is selected.
e Whole front-end should be simulated.
e The triple band front-end should be fabricated.

e Optimizations should be done for each circuit until their response fit the simulation

results.

e Response of triple band front-end should be observed. It should be compared to the

single band front-ends and simulation results.

Similarly a front-end that covers four bands can be designed by using a four-band filter or two

dual-band filters. For these works, IF frequencies different than 45 MHz can be selected.
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APPENDIX A

LOWPASS PROTOTYPE TO BANDPASS TRANSFORMATION

A prototype filter is an electronic filter which is normalized with respect to some design pa-
rameters such as cut-off frequency, termination impedance, etc. Usually a lowpass filter with
a characteristic impedance R,=1 Ohm and cut-off frequency w.=1 Hz is used as a prototype
filter. A lowpass prototype filter can be transformed to another lowpass, highpass, bandpass
or bandstop filter by scaling element values of the prototype filter with respect to frequency
and impedance [35]. In this section, convertion of a lowpass prototype filter to a bandpass

filter will be discussed as illustrated in Figure A.1.

Rs=1 L, R, L' Cf
= ]
@ -, []RL=1 —> -“-,_:;1 c,’ L,’ [] R,

Figure A.1: Lowpass Prototype to Banpass Filter Transformation

In order to transform a lowpass prototype filter to a bandpass filter, by employing the follow-

ing mapping function:

W= ()(—-—) (A.1)

where wy is the center frequency and B is the bandwidth of the resultant bandpass filter.

Since the prototype is a lowpass filter, it is composed of inductors in series arms and capactors

in shunt arms. When the mapping function is applied, the impedance of a series inductance
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changes as follows:

2
_ W0 W W Ly 1 wyla
Z: L: _ ———L = — + —
L= Jwha J(B)(wo w)2 JWB jw B

(A2)

As it can be seen, the series inductor is converted into a series LC combination. Including the
impedance transformation, values of resultant inductor and capacitor can be calculated using

following equations:

LR

L= ZB" (A3)

) B

G, == (A.4)
WOLZRO

Similarly, a capacitor in shunt arm is converted to a parallel LC combination as follows:

2
, Wo. W W CCr 1 wpCh
Ye = jwCi = j(—=—)(— — —)C| = jw— + —
€= Wk J(B)(wo w)1 JWB jw B

(AS)

As aresult, a capacitor in the lowpass prototype are transformed to a parallel LC combination

with elements

Cy

C = A.6

' BR, (A-6)
BR

Ly =—* (A7)
WOL2

85



APPENDIX B

MODELS USED IN SIMULATIONS

B.1 Model of JDV2S25FS Varactor Diode

Spice parameters of JDV2S25FS is provided in its datasheet [25][26]. However, simulation

results of this model did not fit the data obtained experimentally, so some parameters were

changed slightly by inspection. The model used in simulations is given in Figure B.1.

-, <

Port Diode
P DICDE
MNum=1
Arsa=
Feriph=
Scale=
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Trise=

Model=DIODEM1

Mode=nonlinear

O
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I
©
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C=0.001fF
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Diode_Maodel
DIODEM
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Tt=47 psec Mk =
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h=145 Jew=
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Imax= Gleaksw =
Imelt= Ns=
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Ikf= MlSiwi=

Figure B.1: Model of JDV2S25FS Used in ADS

B.2 Model of JDV2SO8FS Varactor Diode

Wisw=

Fesw=
AllowScaling=no
Tnom=

Trise=

Hii=4

Eg=110
AllParams=

Spice parameters of JDV2SO0S8FS is also provided by its manufacturer [32][33]. Only Cjo

is changed slightly to fit the simulated and measured capacitance values. The model used is

given in Figure B.2.
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Figure B.2: Model of JDV2S08FS Used in ADS

B.3 Model of JDV2S07S Varactor Diode

Model shown in Figure B.3 is used for JDV2S07S. It is provided by its manufacturer [31] and

fits the specifications given in its datasheet [30].

Ok <[]
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Figure B.3: Model of JDV2S07S Used in ADS
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B.4 Model of 1SV325 Varactor Diode

Model of this diode is created using the spice parameters provided by its manufacturer [23][24]

as shown in Figure B.4.
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Figure B.4: Model of 1SV325 Used in ADS
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B.5 Model of BFR340F Bipolar Junction Transistor

Manufacturer of BFR340F provides its prepared spice model for ADS [34]. The model is

given in Figure B.5.
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Figure B.5: Model of BFR340F Used in ADS
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