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of frequencies from a single reference frequency.

Frequency  synthesizers are used in devices such as radio
receivers, televisions, mobile telephones, radiotelephones, walkie-talkies, CB
radios, cable television converter boxes, satellite receivers, and GPS systems.

A frequency synthesizer may use the techniques of frequency
multiplication, frequency division, direct digital synthesis, frequency mixing,
and phase-locked loops to generate its frequencies. The stability and accuracy of
the frequency synthesizer's output are related to the stability and accuracy of its

reference frequency input.
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= Direct Method (Direct Analog Synthesis or Direct Digital Synthesis)
- Indirect Method (Phase Locked Loop, Integer N Synthesizer and

Fractional N Synthesizer)
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» A Phase-Locked Loop (PLL) is a negative feedback system consists of a phase
detector, a low pass filter and a voltage controlled oscillator (VCO) within its loop.

» Its purpose is to synchronize an output signal with a reference or input signal in
frequency as well as in phase.

» In the synchronized or “locked” state, the phase error between the oscillator’s
output signal and the reference signal is zero, or it remains constant.

» If a phase error builds up, a control mechanism acts on the oscillator to reduce the
phase error to a minimum so that the phase of the output signal is actually locked

to the phase of the reference signal. This is why it is called a PLL.
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he majority of PLL applications fall into four main categories:
» Frequency synthesis
» Frequency (FM) and phase (PM) modulation and demodulation.
» Data and carrier recovery.
» Tracking filters.
Classification of PLLs:
» Analog or Linear PLL (LPLL), Digital PLL (DPLL) is Analog PLL with digital
phase detector
» All-Digital PLL (ADPLL) is a digital loop in two senses: all digital components

and all digital (discrete-time) signals.
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The basic PLL block diagram consists of three components connected in a feedback loop :
* A Phase Detector (PD) or Phase Frequency Detector (PFD)
* produces a signal V4, proportional to the phase difference between the f;, and f . signal.
* A Loop Filter (LF)
* filters output voltage V,, that controls the frequency of the VCO.
* A Voltage-Controlled Oscillator (VCO)
*V,, at the input of the VCO determines the frequency f,, of the periodic signal V, at the output of the VCO
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sic property of the PLL atemps to maintain the frequency lock f = f, betweenV . and V. even if the frequency
the incoming signal varies in time.

AssL
difference between the VCO signal and the incoming signal will begin to increase in time. As a result, the filtered

output voltage V_ . increases | the VCO output frequency f .. increases until it matches f.

the |

me the PLLis in the locked condition, and the frequency f,_ of the incoming signal increases slightly. The phase

o5t . thus keeping the PLL in
ocked condition.
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SERVICE

—' .There are three stages of PLL operations:

* Free Running Stage: When no input is applied at the
phase detector, PLL out put frequencyisf_ =1, EASA R rorossnnresssnsessuntessnasonsunsoncontanimmasensnsssasusoos
where f, free running frequency of the VCO.

* Capture Stage: When an input is applied at the phase
detector and due to feedback mechanism PLL tries to

fmin fo-fc

fo

track the output with respect to the input. ; capture
* Phase Locked Stage: Due to feedback mechanism, fmin SR * =
4 range >

the frequency comparison stops when f_ .. = f. .

Lock Range and Capture Range of PLL:
Lock Range of the PLL: The range of frequencies where the locked PLL remains in the locked: f_ ., <f. <f ..

The lock range is wider than the capture range.

=

* If the PLL is initially locked, and if f__ <f_<f_. [l the PLL becomes unlocked (f, #f ).
* When the PLL is unlocked, the f_. = f, where fis called the center frequency, or the free-running frequency of the VCO.

Capture Range of the PLL: The lock can be established again if the incoming signal frequency f;, gets close enough to f,.
The range of frequencies such that the initially unlocked PLL becomes locked: f-f.<f <f +f
Sometimes a frequency detector is added to the phase detector to assist in initial acquisition of lock.
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Linear (Analog) Phase Detector

cos ¢ cos f :%[cos(a—ﬁ)+cos(a+[3)]

.y : . cos(w;,t + ;)
An analog multiplier mixer can be used as a phase detector which compares

the phase at each input and generates an error signal, V,(t), proportional to

the phase difference between the two inputs. cos(w, t + b,.) _
Recall that the mixer takes the product of two inputs. V(t) = Ya{cos(dosc = Pin)

+ :
Vy(t) = cos(w t + b, ) cos(w t+d,) €osHZw, P+ P Hh

High frequency
component to be removed
by low-pass filter

= (1/2) {cos[(wy t = Wit )+ (Do — by)] + cOS[(Wy t + Wit )+ (D + D)1}

When loop is locked (w,.. = w,,) ! we have an output proportional to the
cosine of the phase difference and one output at twice the input frequency .

Vy(t) = (1/2) {cOS(Pgsc = Py + COS[(2Wogct 1+ (g + Py)]1}

The doubled frequency component will be removed by the low-pass loop
filter. Any phase difference then shows up as the control voltage to the VCO,
a DC or slowly varying AC signal after filtering. K, is the gain of the phase
detector (V/rad).

Ve(t) =Ky (b — i)  where Kym/2=V,,/2 [T K =Vpp/m

The averaged transfer characteristic of such a phase detector is shown below.
Note that in many implementations, the characteristic may be shifted up in
voltage (single supply/single ended).
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Digital Phase Detector

A simple digital phase detectoris an XOR gate with logic low
output (V= 0V) and the logic high output (V, = Vpp).
An example below shows the PLL s in the locked condition where

V., and V.. are two phase-shifted periodic square-wave signals at

the same frequencyf, =f,,= %' and with 50% duty ratios. The
output of the phase detector is a periodic square-wave signal
V,(t) at the frequency 2f;,, and with the duty ratio D, that

depends on the phase difference ¢(t) = [P, . (t) - d;,(t)] between

Vinand Vo, "2 Dy = % (for XOR)

The dc component V, of the phase detector output can be found

easily as the average of V(t) over a period Iz‘ﬂ
> V¢=!5Q¢ =Ko Kpis called PD gain (for XOR)

where Ky = !g& volt/rad for 0Sds<m

The average outputriseto V,, = XT‘;-Q AD =0 — VDD when AD
goes from (0 — m. For A® > 1, the average output begins to drop.
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Loop Filter

The output V(t) of the phase detector s filtered by the low-pass loop filter. The purpose of the low-pass filter is to
pass the dc and low-frequency portions of V(t) and to attenuate high-frequency ac components at frequencies 2nf;,.
The simple RC filter has the transfer function:

F(s) = —— = — R

1+sRC  1+s/w, v
where W =L and T = 22 is the cut-off frequency of the filter ¢ Al | V°
P RC P 21‘ q Y .

If f, << 2f,, =» the output of the filter V,, is approximately equal to the C
dc component V,, of the phase detector output.

In practice, the high-frequency components are not completely eliminated

and can be observed as high-frequency ac ripple around the dc or slowly-varying V..

-

Sn -
In general, the filter output V,,, as a function of the phase Vo (=filtered Vo)

difference. Note thatV,,=0if V,, and V,.. are in phase (¢ =0), veo |
and that it reaches the maximum value V,, = Vpp when the two i
signals are exactly out of phase (¢ = ). : Vo0/2 |-
For0< ¢ <m, V, increases, and for ¢ >, V, decreases. The |
characteristic of periodicin ¢ with period 2. :
Therange 0 £ ¢ < is the range where the PLL can operatein o 0 w2 m ¢
the locked condition.
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Voltage Controlled Oscillator (VCO)

In PLL applications, the VCO is treated as a linear, time-invariant system. To obtain an arbitrary output frequency (within
the VCO tuning range), a finite V,, is required. Let’s define ¢ ,..— $;, = ¢..

The XOR function produces an output pulse whenever there is a phase misalignment. Suppose that an output frequency
w, is needed. From the upper right figure, we see that a control voltage V, will be necessary to produce this output
frequency. The phase detector can produce this V, only by maintaining a phase offset ¢ at its input. In order to minimize

: : oo : V, o, ~-w,
the required phase offset or error, the PLL loop gain, K, K, should be maximized, since ¢ = K = .
D D" 0

vol) [ [N [N DO,
Thus, a high loop gain K K, is beneficial for

Phase Error Note:
(49) Vyt) From Phase detector:

V
V= Ko¢ -> ¢ =EL
From VCO: 0

W, —w V
V1= 1 09¢=_|: 1 0
K, K, KK,
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Integer-N Synthesizer

* The resolution of the output frequency is determined by the reference frequency applied to the phase detector. Step
size or frequency resolution - the smallest frequency increment possible.

*+ To obtain a stable low frequency source is not easy, because a quartz crystal oscillating in kHz region is quite bulky
and not practical. A sensible approach is to take a good stable crystal-based high frequency source and an integer-N
synthesizer to divide it down.

|:FilEF

EXTAL Predivider Loop PLL Out
10MHz 1to 256 Detector Filter vCO * ™ four
/R
PD[7-0]
Frequency
Divider /N
MF[12:0] 1to 8192
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Fractional-N Synthesizer

Fractional-N allows the resolution at the PLL output to be reduced to small fractions of the PFD frequency as shown
below, where the PFD input frequency is 1 MHz. It is possible to generate output frequencies with resolutions
of 100s of Hz, while maintaining a high PFD frequency. As a result the N-value is significantly less than for integer-N.

Fy
Frer REF F
o + DIVIDER | 1MHz PFD  +— FILTER @ U
10MHz R 900.2MHz
R =10 N =900.2
(B) FRACTIONAL N N,N+1 CNTER &
F ~—m i
REF F
o * DIVIDER |0.2MHz PFD | FILTER O
10MHz K 900.2MHz
R -w N - ‘“1
(A) INTEGER N N COUNTER
Four = Frep*(NRR)
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A(N)+B(N+1)
A+B

EFE=

A: Cycle for N counter

B: Cycle for N+1 counter
A+B=10

Toggling between the two integer
division ratios, a fractional division
ratio can be achieved by time-
averaging the divider output.

~ 8(900)+2(901)
EFF™ 10

=900.2
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