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ABSTRACT

This paper proposes a design and implementation method of DPLL frequency synthesizer system.
Such a system offers many advantages such as minimum complex architecture, low power
consumption, and a maximum use of large scale integration technology. It can be used in many
applications as cordless telephones, mobile radios and other wireless products. A (2.4 — 3.6) GHz
frequency range is designed and implemented with a 100KHz frequency step size. A spurious
output levels of -70 dBc, an output power should be greater than 10 dBm, and a phase noise less
then (-100) dBc/Hz at 100 kHz offset from the carrier are considered in our design. The channel
selection is guided by digital gating circuits with thumbwheel switches. An option of FM
modulation of 5 MHz FM bandwidth is also included.
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INTRODUCTION

A Phase Locked Loop (PLL) is an electronic system, which synchronizes an internal controlled
oscillator, in frequency and phase, with an external input signal. More precisely, the PLL is a servo
system, which controls the phase of its output signal in such a way that the phase error between
output phase and reference phase to a minimum while output signal frequency is the same as input
one. The input/output signal can either be sine wave or square wave. The PLL can be used as a
frequency synthesizer by placing a loop divider (frequency divider) in the feedback path
[Gursharan Reehal 5, Juhn Salvey and Stephanos Thompoulos, 1997].

The system design can be achieved as an integer N frequency synthesizer or as a fractional-N
frequency synthesizer. The integer N system introduces many limitations as a large divide ratio, a
small reference frequency, and a small loop bandwidth. While the fractional-N frequency
synthesizer .overcomes the above limitations and introduces many advantages as, almost arbitrary
frequency resolution, fast frequency switching speed, less phase noise caused by VCO, and small
divide ratio, less phase noise [Samuel Michael Palermo, 1999].

Principle disadvantage of fractional-N frequency synthesizer is spurious outputs, which are caused
by the periodic change in the divide ratio.

SYSTEM DESIGN AND IMPLEMENTATION

This paper deals with a design of a fractional N digital phase locked loop synthesizer corresponding
to the given requirements. The synthesizer is designed and implemented according to the required
specifications by using a new technology with high quality and mini-size components; where it
uses a mini-size VCO, Surface Mount Devices Technology (SMT) of 8 pins prescalers, SMT 50Q
mini-size amplifier, SMT mini-size chip resistors and chip capacitors All these components with a
frequency range up to 4 GHz. The proposed system is given in Fig. (1) which consists of; voltage
controlled oscillator VCO, prescaler divides by 4 at (4)GHZ range, dual modulus prescaler divides
by 64/65 at 1GHz range, wide band power amplifier at 4GHZ range, programmable frequency
divider, Crystal oscillator as a reference oscillator, phase/frequency detector and lock detect circuit,
loop filter, suppression filter, and channels lookup table circuits and thumbwheel switches.
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Fig.(1). System block diagram
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Volitage Controlled Oscillator (VCO)

The voltage-controlled oscillator used in the system is an 8 pins metal package and has the
following Characteristics of : Frequency range of 2100-4000 MHz, output power of 10 dBm, tune
voltage of (1-20) V, tuning sensitivity of (30-50) MHz/V, power supply of 8V and 30 mA, SSB
phase noise at 1KHZ offset of (-70) dBc/Hz, at 10 kHz offset (-95) dBc/Hz, at 100 kHz offset
(-115)dBc/Hz, and 1 kHz offset (-135) dBc/Hz [Mini Circuit, 2000].

Fig. (2) shows a VCO test circuit. A measurement of the frequency

F
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Fig.(2). The VCO phase noise and spurious
measurement circuit

Vi

spectrum of the VCO at 2700 MHz is achieved by using the circuit in Fig. (3).

The phase noise can be measured by using the spectrum analyzer corresponding to the following
relationship:

Phase noise = [(N-S) dB -10 log (RB) HZ] dBc / Hz (D

Where N is a noise power at frequency offset in dBm, S is a signal power in dBm, RB i1s a
resolution bandwidth in Hz [Manassewitsch V. 10].

The spurious level can be measured as follow:

Spurious level = (spurious signal power-signal power) dBc (2)
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Fig.(3 a) VCO characteristics, b) spectrum of VCO at 1900 MHz
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Phase Frequency Detector: (PFD)

A PD circuit is shown in Fig. (4), which is available in several versions as a single chip (IC). It
provides an indication of frequency error when the loop is out of lock, so it is called a phase-
frequency detector (PFD) [Gardner F. M, 1979].
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The PFD has two output terminals, labeled ¢R and ¢V. The low (pulled down) condition is active
while the high condition is inactive on each terminal. Both ¢R and ¢V can be high simultaneously,
but not low. Fig. (5) shows duty ratio of PFD. The timing diagram of PFD is shown in Fig. (6),
where dg and dy are the duty ratio of ¢R and ¢V outputs respectively, 6d is a phase difference
between fg and fy. It can be seen that the active phase range is =360'( MOTOROLA 1995, Dhafer
R.Zaghar1997).
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Fig. (4) Phase- frequency detector Fig. (5) Duty ratio of phase-frequency detector

The phase detector conversion gain (K¢) can be found from Fig. (5) as follows:
kg AVout V=0 _ S0 . 3)

Adin r 2n(rad)

Where: AVout is the peak PFD voltage change = power supply voltage (5V). While A¢in is the
input phase difference in radians, it is a 27 not 4, because one part of PFD is active according the
erTor.
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Fig.(6) Timing diagram of PFD
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Prescalers

There are two used prescalers in the system, as shown in Fig.(7). The first prescaler is a divider by
four, used up to (4) GHz frequency range. It is an eight pins plastic package (SMT) device.

Second prescaler is a dual modulus divide by (64/65) divider, up to a 1GHz frequency range; it is an
eight pins plastic package SMT device. It has an external control called modulus control (MC) to
select the division ratio 64 or 65, this control signal is generated by swallow counter to make the
synthesizer in a fractional mode.

o
» fveo Prescaler 1 * I Prescaler 2 Fou
— <4 P c64r65 [
(2-4) GHZ To divider

Modulus control T
from swallow counter

Fig.(7) Prescaler connection

MC
- . +R Frwlss Input l To PD fy
Divider > e | Programmable divider
T T T Ap— As No— Ng
Fao Rai Ry 6 bit + A 10 bit + N
counter setting  counter setting
Fig.(8) Reference frequency divider Fig.(9) Programmable Divider

Programmable Dividers and Swallow Counter
There are two programmable dividers in the system, see Fig. (1):

Reference Frequency Divider (R divider)

It is a selectable divider of eight possible division ratios. Fig.(8) shows its configuration, where Ry,
Rai, Raz are an address code to select the division ratio as detailed in Table (1). There is a
possibility of using maximum input frequency up to 20 MHz with this type of divider
[MOTOROLAY, Asmaa Numan Mahir 1994].

Table (1) possible division ratios

Address Code Division
RA2 RA] RAO ratio
0 0 0 8
0 0 1 64
0 1 0 128
0 1 1 256
1 0 0 S12
1 0 1 1024
1 1 0 1160
1 1 1 2048
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| The N and A Programmable Dividers with Modulus Control (MC) Generation
| This part uses the output of second prescalers to divide it by a programmed ratio, see Fig. (9). The
| output of this part feeds the phase detector to compare with reference frequency, and then generates
the error signal.
Modulus control signal is generated to control the division ratio of second prescaler (P,) to generate
a fractional mode action. N address provides the data is preseted into +N counter when it reaches
the count of zero. An address defines the number of clock cycles of input frequency that require
logic zero on the modulus control output. This divider generate MC as following, see Fig. (10):
a- At starting MC = 0, prescaler ratio = Po+1 = 65, and (+A) counter will begin to count from (0)
to (9A)p.
b- When (+A) counter become 0, MC become 1, second prescaler division ratio is P, = 64, and
this case remains still until (+N) counter is counting the rest (N-A).
c- After (+N) counter counts the rest (N-A), MC will become 0 and +A counter will start to count
from 0 to A again and the operation is repeated periodically, [MOTOROLA1995].
Now it can be derive the formula of the input frequency (f}) in terms of output frequency (f3) and
division ratic P, N, and A as follow; see Fig. (15):

Ja = Nfs 4)
hi=p)y , when MC =1 (5)
=(py + 1Sy ,when MC =0 :

It can be found (f) by averaging two cases of equation (5) as follow:

£

N-—-A4 A
= fyps iy s
N =5p T f2(p; )N

1~ A 5 Py A A
= f2p> ‘%T‘“*'Lﬁz_”“fzjv‘ (6)

£
=22 (Np, + 4
(NP2 + 4)

Substitute equation (4) in equation (6),

Si=1f3(Np; +4)
A<AN,A< p, -1

%

From equation (7), it is clear that N represents an integer part of P, and A is a fractional part of P,.
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Fig.(10) Modulus control generation timing diagram.
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Reference Oscillator

In order to provide a stable reference frequency, a crystal oscillator must be used. A fundamental
mode crystal of paralle]l resonant at the desired operation frequency is connected as in Fig.(11),
which is defined as a pierce crystal oscillator.

A crystal characteristic of 4MHz frequency, tolerance at 25 C’of 20 parts per million (PPM),
Temperature stability of 50 PPM, and load capacitance of 30 pF is used in the oscillator. In our
application«don’t need a very low tolerance and high temperature stability crystal oscillator. There
are guide lines that provide a reasonable compromise between IC capacitance, IC input/output
capacitance, and crystal shunt load capacitance (Cy).

e

R2

l: CMOS

Xtal

____—l[l . "

7777 7777
’ Fig.(11) CMOS pierce crystal

Loop Filter

Active filter in Fig.(12) is used as a loop filter where it provides a better tracking performance
[QUALCOMM ASIC PRODUCT 1985].

The phase detector outputs are high frequency large amplitude pulse signals, these pulses on the
input of loop filter op-amp can cause nonlinear saturation in the amplifier. One solution is to
pre—filter the error pulses before they reach the active filter by inserting an RC low pass section by
splitting R,.

| 1
f I —

olE:
* R1/2 R1/2
oR O—{:—-l‘-r__ " (VT)
)
Y

Fig. (12) Loop filter circuit diagram
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Suppression Filter
The suppression filter consists of a band reject filter followed by a low pass filter, see Fig.(13). The
band reject filter is used to reject the reference frequency f¢. While the low pass filter is used to

reject the harmonics of f¢.
b

ct,
R R o
. Rl RI | RI /
r{_ 1 _OLO
l xH, =T
e Ra 2 3
L1
0.5R
M o
e

Fig.(13) circuit diagram of suppression filter

Type of band reject filter is a twin-T with positive feed back; Fig.(14) shows its frequency
response.

Channels Lookup Table Circuit and Thumbwheel Switches

A three thumbwheel switches connected with a two 16k byte EPROM’s are used, see Fig.(1). The
thurab well switches select the number of channel from 0 to 399, i.e. frequency from 2.4-to-3.6
MFiz with 1 MHz step size. The EPROM’s is used as a lookup table to convert the code of thumb
well switches to the binary code of programmable frequency dividers.

Gain (dBm)

)

!

i
i

to

Fig. (14) Freq. response of twin T filter,
[Arther Williams 1988].
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Power Amplifier

A 50€) input/output impedance, (SMT) miniature amplifier covering the DC to 4 GHZ frequency
range with up to (10) dBm typical output power is used in the system. Fig.(15) shows the power
amplifier ai.d the connection.

VCC
10 dBm 4 dBm
i — 18 dBm output
VCO N Re51st1ve. A amp "
"1 Power splitter =
4 dBm
77

to presculer

Fig. (15) Power Amplifier

TEST AND MEASUREMENTS

In this section will test the performance of the system with respect to the design specification such
as frequency range, minimum step size, phase noise, spurious output, output power, power
fluctuation versus frequency, and FM modulation. A spectrum analyzer used to measure the
frequency domain measurements, and oscilloscope used to measure the time domain measurements,
function generator used to feed the base band signal to the part of FM modulation in the synthesizer.
A GPIB bus is used through a PC to store the results.

Frequency Range and Step Size

The synthesizer must be covered a range of frequencies from 2.4 GHZ to 3.6 GHZ with step size 1
MHz. Fig. (16a) shows frequencies (2-4) GHZ with step size 10 MHz, and Fig. (16b) shows
frequencies from 3950 MHz to 3050 MHz with step size 1 MHz.

Spurious OQutputs Measurements
It will be choose frequencies (2700, 2900, 3100) MHz as samples to measure the spurious outputs

and phase noise. Fig. (17) shows the spectrum of different six cases, Table (3) shows the spurious
values of th=se cases.

Tektronix RFRLVL 20 DBM CF 3600 MHZ SPAN 200MHZ Tektronix RFRLVL 20 DBM CF 3000 MHZ SPAN 10MHZ

HITHIN . W_p( 1 ‘ !
L | L I
l | I RO O O
(RLAY AR UMM AT
) i FARVARVARARVARVARVAAYARVALN
| | 1 1

(a) (b)

Fig. (16) synthesizer output spectrum
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Phase Noise Measurement
The phase noise will be measured as a single side band (SSB) phase noise according to
equation (1):

(Phase noise) ssg = [(noise power at offset — signal power) dB

—10 log (resolution bandwidth) HZ] dBC / Hz.
Table (4) shows the phase noise measurement of different six cases from the synthesized. Fig. (18)
shows spectrum of the fifth case.

EFrequency Stability with Temperature

This feature is measured at different frequencies. Using a heat gun to increase the temperature of
the synthesizer and a digital temperature meter to measure the temperature variation. The frequency
variation is measured by using spectrum analyzer.

The temperature frequency depending on the temperature stability of crystal oscillator that used as a
reference oscillator, where the stability at any frequency can be found as follows:

max. frequency drift at(f) = f(MHz) x crystal stability(PPm)Hz (8)

The crystal that used in reference oscillator has a 50 PPM temperature stability therefore the
maximum drift at 3100 MHz due to temperature effect is:

max .drifir at 3100MHZ =3100x 50 = 155KHZ.
Output Power and Power Fluctuation Versus Frequency

The output power must be at least 10 dBm with fluctuation less then 3dB. Fig.(16) shows the power
variation with respect the frequency.

FV Modulation

Fig.(19) shows FM modulation spectrum with different output frequency and same base-band
(335 kHz). It can be seen that the FM bandwidth of the three cases is not completely similar,
because the VCO is not completely linear around the frequency band [Paul H.Young 1985,

Hayward W' H. 1982].
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Fig. (17) Spurious outputs corresponding to the measured frequency (center frequency)

Table (3) spurious outputs measurement

= 2700 MHz, span = 10 MHz

= 2700 MHz, span = 200 MHz

2900 MHz, span = 10 MHz

= 2900 MHz, span =200 MHz

.= 3100 MHz, span = 10 MHz

i fe = 2100 MHz, span = 200 MHz
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Fig. (18) PLase noise at synthesized frequency Fs=3100 of a span=1MHz (left) and a span
of 0.1 MHz (right)

Table (4) phase noise measurements.

Measured
frequency
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Fig. (19) FM modulation at frequency 3100 MHz of BWgy=6.7MHz (left) and
BWgn=4.0MHz (right)

CONCLUSIONS

The implemented synthesizer is a single loop fractional (N) digital phase locked loop one. It is
designed to cover (2.4-3.6) GHZ frequency band with 1 MHz frequency step size. The
measurements show results of spurious outputs less than -70 dBc, a phase noise less than -100
dBc/HZ at 100 kHz offset from carrier, output power is 10 dBm, and this provides FM modulation
facility of more than SMHz bandwidth. Thumb wheel switches on front panel used to select the
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frequency. It provides the typical solution for the given requirements. In the same time, it is
inexpensive, save hardware and provides good spurious suppression and low power consumption.
The results show that the phase noise is improved inspect of the noise due to the phase detector,
dividers, op amps, filters, and when the multiplication ratio is high.
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