Phase Locked Loop Circuits
ECE145B/ECE218B

Reading: General PLL Description: T. H. Lee, Chap. 15. Gray and Meyer, 10.4.

1. Definition. A PLL is a feedback system that includes a VCO, phase detector, and low
pass filter within its loop. Its purpose is to force the VCO to replicate and track the
frequency and phase at the input when in lock. This enables the PLL to be used as a
control system allowing one system to track with another.

Opuz (1) = 0;, (¢) +const.
Opyt = Oy, )

The PLL output can be taken from either V_, the filtered (almost DC) VCO control
voltage, or from the output of the VCO depending on the application. Either phase or
frequency can be used as the input variables.

VCOIlt
¢in(t) q)out(t)
;1) Phase Loop Dou(t)
P detector v.(D filter VCO
[

Of course, phase and frequency are interrelated by:

_d
o) = dt

t
o) = 0(0)+ [ ox(t)dr’
0

2. Phase detector: compares the phase at each input and generates an error signal, ve(t),
proportional to the phase difference between the two inputs. Kp is the gain of the phase
detector (V/rad).

Ve(t) = Kpl9ous (1) — 9in(1)]

As one familiar circuit example, an analog multiplier or mixer can be used as a phase
detector. Recall that the mixer takes the product of two inputs. v (t) = A(DB(t). If,
A(t) = A cos(wt +9¢,)
B(t) = B cos(ot + ¢,)



Then, A(H)B(t) = (AB/2)[ cos(2myt + ¢, + ¢,) + cos(d, + ¢,)]

Since the two inputs are at the same frequency when the loop is locked, we have one
output at twice the input frequency and an output proportional to the cosine of the phase
difference. The doubled frequency component must be removed by the lowpass loop
filter. The phase difference then is ideally a DC signal, the control voltage to the VCO.

3. VCO. In PLL applications, the VCO is treated as a linear, time-invariant system.
Excess phase of the VCO is the system output.

t
Dour = KO f Veont dr

The VCO oscillates at an angular frequency, m,,. Its frequency is set to a nominal @,
when the control voltage is zero. Frequency is assumed to be linearly proportional to the

control voltage with a gain coefficient K, (rad/s/v).

Wy = 0o+ Ko Veons

PLL response: To see how the PLL works, suppose that we introduce a frequency step at
the input

W;, = ®, +A®

This will cause the phase difference to grow with time since a frequency step is a phase
ramp. This in turn causes the control voltage, Vcont, to increase, moving the VCO
frequency up to catch up with the input reference signal.
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4. Lock Range. Range of input signal frequencies over which the loop remains locked
once it has captured the input signal. This can be limited either by the phase detector or
the VCO frequency range.

a. If limited by phase detector:

Wkp_k_‘ e - .
Gilbert:

Vo

-—

-
3

0 < ¢ < = is the active range where lock can be maintained.
Vo-max =4 KD /2
When the phase detector output voltage is applied through the loop filter to the VCO,
A®out—max = = Ky /2 = op (lock range)

This is the frequency range around the free running frequency that the loop can track.

Doesn’t depend on the loop filter

Does depend on DC loop gain
b. The lock range could also be limited by the tuning range of the VCO. Oscillator

tuning range is limited by capacitance ratios or current ratios and is also limited. In many
cases, the VCO can set the maximum lock range.



5. Capture range: Range of input frequencies around the VCO center frequency onto
which the loop will lock when starting from an unlocked condition. Sometimes a
frequency detector is added to the phase detector to assist in initial acquisition of lock.

6. Approach: We will discuss the details of phase detectors and loop filters as we
proceed. But, at this point, we will treat the PLL as a linear feedback system. We assume
that it is already “locked” to the reference signal, and examine how the output varies with
the loop transfer function and input. A frequency domain approach will be used,
specifically describing transfer functions in the s-domain.

Ve(s)/Ad = Kp
¢0ut(s)/ Vcont(s) = Ko /s
Note that the VCO performs an integration of the control voltage and thus provides a

factor of 1/s in the loop transfer function. Because of this, a PLL is always at least a first
order feedback system.



PLL is a feedback system
IN(s) £(s) OUT(s)
Z Krwp(s)

Kgg(s)

Loop Gain: T(S) = KFWD (S) KFB (S)

OUT(S) _ by (5)= KEwD ()
IN(s) 1+T(s)

Transfer Function:

The Loop gain can be described as a polynomial:

_ K’'(s+a)(s+b)---
s (s+a)(s+ B

T(s)

ORDER = the order of the polynomial in the denominator

TYPE = n (the exponent of the s factor in the denominator)

PHASE ERROR = £(s) = AN(s)_
1+T(s)

STEADY STATE ERROR = £g¢ = lim[s&(s)]= lim &(¢)
s—0 t—>o0
(this is the Laplace Transform final value theorem)

SS error is a characteristic of feedback control systems. This is the error remaining in the
loop at the phase detector output after all transients have died out.



7. Applications: There are many applications for the PLL, but we will study three:
a. FM demodulator
b. Frequency synthesizer
c¢. Clock generation

You should note that there will be different input and output variables and different
design criteria for each case, but you can still use the same basic loop topology and

analysis methods.

A. FM Demodulator. (See Gray and Meyer, Chap. 10, Section 4.)

Forward path - open loop gain

7 N\
Phase Detector Loop filter

Vo

voltage controlled oscillator

\ v
Y

Feedback Path

Vo___ KpF()A
¢i 1+KDF(S)A(K0/S)

Vo _1Vo __ KpF(s)A

w; S¢i _S+KDF(S)AKO

For convenience, we define K, = K, K A



How does the PLL work as an FM demodulator?

Frequency to voltage conversion: We need to convert the frequency variation of

the input signal to a baseband signal whose frequency is equal to f, the
modulation frequency, and whose amplitude is equal to Af, the frequency

deviation. The input carrier frequency will be centered at the IF frequency, but
will vary in time around this frequency.

Input Variable: 0,=0, + Ao sinw, t
= Ag, -
Output Variable: Vo /Ko sinw, t

In the FMD application, the output is the VCO control voltage, not the phase of the VCO.
This voltage will track the input FM signal modulation frequency and deviation. The
loop filter is lowpass. The block A represents a gain factor, usually 1 with a passive LPF,
but it can be higher if the filter is implemented with an active filter.

Assume that the loop is locked at the IF frequency, .. Frequency modulation will shift
the instantaneous frequency around . by A® at rate @,. As the frequency shifts with
time, the phase detector will sense a phase error that increases with time. The filtered
error voltage, Vcont = V,, will send the VCO closer to @, + Aw, tracking the frequency
shift. If the bandwidth of the loop is greater than w_, the loop will track the frequency
deviation of the input signal and V, will be the demodulated baseband signal,

Aw/K, sin (@, t).

Now we will consider the frequency and time response of a PLL in the FMD application.
The loop filter transfer function F(s) has a big influence on these responses.
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Figure 10.23d Root locus and frequency response of a second-order PLL with a zero.
Frequency response shown is for large loop gain such that poles are located as shown in the
root locus.
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Steady State Phase Error

l1+s/®
Type 1; second order: | F'(s)= 2
1+s/o,
IHPUt d)in(s) Ess
Phase step AO/s 0
Freq. step Aw/s> Ao [KoKoF(O)]
Freqg. ramp A/s’ infinite
S+a
Type 2; second order: | F¥ (S)-—-
S
Input Din(3) e
Phase step AO/s 0
Freg. step Aw/s’ 0
Freq. ramp A/s’ KA
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Frequency Synthesis — PLL

Reading: Motorola AN 535 and Manassewitsch (both in reading supplement)
Lee, Sect. 16.7
o Phase Detector Loop filter VCO

A phase locked loop is a feedback system that includes a VCO, phase
detector, and low pass filter within its loop. Its purpose is to replicate
the input frequency and phase on the output of the VCO when in
lock. The phase detector produces an error voltage in proportion to
the phase difference between the reference and VCO signals.

Frequency synthesizers use a PLL to copy, multiply, or divide a
crystal reference source. The stability and phase noise properties of
the crystal reference oscillator are preserved within the loop
bandwidth of the PLL.

q)ref = input reference phase.
* Usually from a crystal oscillator.

(l)out = output phase from VCO

0., = ¢, + const.

* Qutput phase is tracking input phase when
loop is locked.



e Qutput and input frequencies are the same when feedback
factor = 1.

Loop filter: stabilizes loop. Establishes bandwidth of PLL and
controls pull-in time required for loop to stabilize after a frequency
change.

An output frequency that is a multiple of the reference frequency can
be obtained if digital frequency dividers are included in the reference
and VCO feedback path. The phase detector will keep the
frequencies equal at its inputs and track the phases.

(bref

Digital frequency divider for reference
Modulus =M

Phase Detector Loop filter Vco

+ ‘ d)out
Kp F(s) Ko's

II /N II
Digital frequency divider for VCO
Modulus = N

The output frequency is adjustable using digital variable modulus
frequency dividers on the reference and VCO paths to the phase
detector.

fout = fref N/ M

Thus, a tunable frequency source is available which has phase locked
10 a reference source and whose stability is similar to a fixed

frequency crystal oscillator. For this structure, the frequency step size
is f /M

15 Argji AV Re



How does the design of the frequency synthesizer differ from the FM

Demodulator?
FMD FS
Input level Can have low S/N You choose the S/N for
best performance. Crystal
oscillator may have 100
dB S/N
Function Tracking of frequency Frequency up/down
conversion
We want Low THD Low phase noise
Low noise
Loop BW Narrow — similar to IF | As wide as possible while
bandwidth preserving low spurious
outputs
Transfer function Vo(s) ®in(s) Dout(5)/din(s)

The frequency synthesis application is concerned with:
1. Transient response to a frequency step
2. Steady state phase error for frequency step
3. Stability of feedback loop
4. Phase noise and timing jitter

We will first examine the loop filter design to see how it may affect 1 —3.

Steady State Error. A characteristic of feedback control systems. This is the error
remaining in the loop at the comparator output after all transients have died out. In the
case of the frequency synthesizer, it is the output from the phase detector, Oref — Qout that
constitutes the error, €.



First we will consider the FS with feedback = 1; therefore, input and output frequencies
are identical.

Phase Detector Loop filter VCO

(I)Ol]
F(s) |——|K0/s I t

Transfer Function: H(s) = forward path gain/[1 + T(s)].

With feedback =1,
H(s) = T(s)/[1 + T(s)]

Oour _ _KpKoF(s)
0, S+KpKoF(s)

H(s)=

Phase error function:

~ _ B Sq)ref
g(s) = ¢ref Pour = s+ KpKoF(s)

For the frequency synthesis application, we want to have ideally perfect phase tracking
for phase and frequency steps. When the synthesizer frequency is changed, it is a
discontinuous step in modulus, and we want to have zero steady state phase error in this
case.

In the phase error analysis for the type 1 passive pole-zero lag filter, we found that there
was a static phase error for a frequency step. To eliminate this phase error, we need a
TYPE = 2 loop gain function. That is, the s factor in the denominator must have an
exponent of 2.

Placing an opamp RC integrator in the loop will give

F(s) = s+a

where the zero at a = o, in the FMD discussion. Then, the loop gain T(s) will be that of a
type 2 control system:

T(S)I KDK02(s+a)

A



Steady State Phase Error

1+s/®
Type 1; second order: | F' (s)= 2
1+s/ o,
Input Dre(S) e
Phase step AO/s 0
Freq. step Aw/s’ Ao/[KoKpF(0)]
Freq. ramp A/s’ infinite
S+ a
Type 2; second order: F(s)=
S
Input Oret(S) -
Phase step AO/s 0
Freq. step A®/s> 0
Freq. ramp AJs® KA




Now find the closed loop transfer function by inserting F(s):

H(S) — ¢0ut — KDKOF(S)
om s+KpKoF(s)
1+s/a
H(s) = (2 )
3 K}
— +—+1
KDKOa a

Thus, we can see that

These parameters will have a strong effect on the loop dynamics which control overshoot
and settling time. From the system design perspective, overshoot can be quite harmful,
since it will cause the frequency to temporarily exceed the steady state value. Thus, the
output of the synthesizer might land in an adjacent channel during part of the transient
response. Settling time can also be critical since many TDM applications use different
receive and transmit frequencies. The settling time determines how long you must wait
until transmitting or receiving after a hop in frequency.

Bandwidth: The loop 3 dB bandwidth is important for noise considerations. It is
determined by o, and &, so bandwidth must be determined in conjunction with the
overshoot and settling time specifications.

1/2
W) = 0348 = Op {1+2§2 1422 +1)+1j|

Noise bandwidth: When PLL is used in a synthesizer application, the reference source
noise is replicated within the noise bandwidth of the loop. While related to the 3 dB
bandwidth, a more accurate calculation would use:

an.L hda)
27 5| 9.,

Outside the noise bandwidth, the VCO noise spectrum dominates. Within the bandwidth,
the loop gain suppresses the VCO noise. The loop acts as a low pass filter for reference
noise and a high pass filter for VCO noise.
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Figure 8.34  Effect of synthesizer settling on received and transmitted channels.
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Motorola MC145152-2 Frequency Synthesizer

MC145152-2 BLOCK DIAGRAM

RA2 —y
RA1 —a 12 x 8 ROM REFERENCE DECODER
0SCout —t-—— RAQ —
< 1412
LOCK
0SCin ‘—i—l><‘f 12-BIT + R COUNTER -— DETECT Lo
§ MC
CONTROL PHASE [ oV
__ o LOGK DETECTOR oR
fin ‘—, ‘
6-8IT + ACOUNTER 10-81T + N COUNTER
1T 7T 1711 11 IR
AS A3A2 M N0 N2 N2 N
NOTE: NO -~ N9, AQ - A5, and RAQ - RA2 have pull-up rasistors that are not shown.
Reference Address Code Total
Divide
RAZ RA1 RAO Value
0 0 0 8
0 0 1 64
0 1 0 128
0 1 1 256
1 0 0 512
1 0 1 1024
1 1 0 1160
1 »1 1 2048




———w LOCK DETECT SIGNAL ‘550 .,;,‘32:5"
C

1] » .1.
| o ;
RAT RAD LD R1
o R -
SCn o R1 veo
M8 e

= MC145152-2 o
+V— Vpo MC i NOTE 2

Vs fn ‘T

T |Nge— NO A5 A l =

\_IIIIIIIIIIIIII)T
~
CHANNEL PROGRAMMING MC12017
+ 54/65 PRESCALER
NOTES:
1. Oft-chip osciflator optional.

2. The oR and &y outputs are fed to an extemal combiner/foop fiter. See the Phase—Locked Loop — Low—Pass Filter
Design page for additional information. The ¢R and Py outputs swing raik-to-rail. Therefore, the user should be caretul
not to exceed the comman mode input range of the op amp used in the combinar/iocop filter.

Figure 1. Synthesizer for Land Mobile Radio VHF Bands

A counter;: MC=0; divide by P+1
Counts down from A until A =0 then

N counter: MC=1; dividebyP
Counts down from N-A to O then reset
counters to initial values and start again.

Nrow = (N-A)P+ AP +1) = NP+ A
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12.1  PRINCIPLE OF OPERATION OF A PLL SYSTEM 633

Error voltage V,
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FIGURE 12.3. Typical PLL frequency-to-voltage transfer characteristics: (a) Slowly increasing
input frequency; (b) decreasing input frequency.
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