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Wide bandwidth frequency
modulation of phase lock loops

A new approach to the traditional weakness of frequency modulating a PLLs output.

By David Rosemarin

he phase lock loop is the popular

method of frequency synthesis,
however one of its main weaknesses is
the difficulty in frequency modulating
its output. This article will review some
of the techniques found in literature,
will suggest a new approach and pre-
sent a practical solution.

The basic PLL

Figure 1 shows a common phase lock
loop (PLL) circuit. The loop includes a
phase detector, loop filter, voltage con-
trolled oscillator (VCO) and a divider.
The sensitivity of the (VCO) is given by:

K, (rad/sec/V) = AwWAV = 21t IAV
The sensitivity of the phase detector is:
K, (Virad) = AV/IA8

F(s) is the lowpass filter transfer func-
tion.

The PLL can be analyzed by taking
the input and output phase as vari-
ables.

Since phase is the integral of fre-
quency or w =58, then Ky/s should be
placed as the block for the VCO (see
Figure 2.).

The PLL can be, alternatively, be an-
alyzed by taking the input and output
angular frequencies as variables (see
Figure 3.). A block of 1/s should be
placed in front of both inputs of the
phase detector or the phase detector
can be replaced with K,/s. The transfer
function for both block diagrams is ac-
tually the same. It is defined by:

8/6i = wyw, = f/f; = KK F(s)/s/D 1)
where:
D = [1 + K K,F(s)/s/N] @)
Using a phase modulator

One of the ways often described in

literature, to get wideband frequency
modulation, is shown in Fig. 4.

Our interest is in understanding the
small signal AC behavior of the loop in
response to outside stimuli such as
modulation. Since the reference fre-
quency is fixed in the FM PLL system,
the small signal component of the refer-
ence signal is zero. In Figure. 4, two
modulating signals are used, V,,, and
V- Using superposition, and knowing
that w, = s6,, we get for modulating at
Vi

Wy Vg = Ko/D 3)

This transfer function has a high pass
response and allows frequency modula-
tion of the output frequency at rates
greater than the loop bandwidth when
a modulation voltage is applied at the
V... input. For modulating at V, we
get:

@/ Vi = KKK F(5)/s/D 3)

The transfer function has a nature of a
lowpass response and allows for modu-
lating at rates inside the loop bandwidth.
If we apply the modulation signal to both

1/N

theV,,;and V,,orV,; =V, =V,
Reference + Phase R Loop R VCO R then:
Oscillatior Detector T Filter "
X K = wyf Vi, =K[1+ KK F(s)/s]/D. And
- scaling the in-band FM path by
setting K; =K, /N, will obtain a flat fre-
B quency response of K,. The mathemat-
Divider |« ical result is flat response dependent
only on K, for modulation rates both in-
side and outside the loop bandwidth.
Figure 1. The basic PLL block diagram. F(s) block and loop bandwidth do not
o, + 0,
—_— Kp —> F(s) »> K,/$ » R [ N
;-J> K,/s —> F(s) —J K, >

Figure 2. The block diagram using phase variables.
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Figure 3. The block diagram using angular frequency variables.
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affect the frequency modulation.

There are, however, some limitations
to that solution.

(a) Wideband voltage-controlled os-
cillators have a non-constant K, and
the PLL has a non-constant divider
ratio, N. And, K; has to vary with
output frequency in order to hold a
fixed frequency deviation.

(b) A second problem is the inte-
grator. The output of an ideal inte-
grator would slew up and down without
bounds when a DC voltage is applied to
the input. Any DC offsets at the inte-
grator input will cause a center fre-
quency offset proportional to it. This
may be desirable for DC coupled FM,
however, for many applications it is
necessary to have the output frequency
locked at the correct center frequency.
In this case, AC coupled FM is needed
instead [1].

Modulating the Reference

Figure 5. is a block diagram repre-
senting a second approach to modu-
lating. For convenience angular fre-
quency analysis is applied.

Using superposition, and modulating
atV,,;:

Wy = (Vi1 - WK, F(s)/s/IN)K, and
WV =Ko/ D 4)

As before, the transfer function has a
high pass response and allows fre-
quency modulation of the output fre-
qguency at rates greater than the loop
bandwidth.

Next, modulating the reference at
V., yields:

W= (Vim:Kg - wo/N)K K F(s)/s, and
WV = KK KoF(s)/s/D (5)

Again, the transfer function has a
nature of a low pass response and al-
lows for modulating at rates inside the
loop bandwidth. If we apply the modu-
lation signal to both the V,, and V,,,

and scaling the in-band FM path by
setting Kg = K/N, we get a flat fre-
quency response of K.

The advantage in this configuration
is the elimination of an integrator, but
it has, still, some limitations. For ex-
ample, if a voltage-controlled crystal
oscillator (VCXO) has to be used in-
stead of a reference oscillator, there is
a limit to its maximum deviation. Also,
the maximum modulating frequency
into the VCXO has to be much smaller
than the parasitic modes of the crystal
since there is an overshoot of the audio
response at those frequencies.

If the loop frequency is smaller than
the frequency of the parasitic modes, a
low pass filter can be added at the mod-
ulation input of the reference. Its 3 dB
frequency should be between those two
frequencies so it will not affect at the
loop bandwidth but will help in sup-
pressing the incoming signal at fre-
guencies close to the parasitic modes of
the crystal.

Modulating in the loop filter

Figure 6 is a diagram of modulation
in the loop. Again using superposition
and modulating at V,,,:

®Wo = (Vi1 - WK, F(s)/s/IN)K, and
Wo/Vmy = Ko/D (6)

Modulating at V,,, yields:

Wy = (VmzKils - K /sIN)F(s)K, and
WV e = KiKoF(s)/s/D 7)

If we apply the modulation signal to
both the V,,, and V., and scaling the
in-band FM path by setting
Ki = K,K/N, we get a flat frequency re-
sponse of K.

As usual there are several limitations
of the error corrected FM PLL and ref-
erence 2 addresses the particulars.

Because the circuit of Figure 6 blocks
part of the loop, it is desirable that a
further analysis of the dashed section

of the circuit be analyzed and further
simplified. The dashed circuit in Fig. 6
can be re-written as:

(VmaKils + V)F(s) + V,; =V, and for
Vi = Ve =V, then:
Vm(l + KiF(S)/S) + VeF(s) = Vo (8)

Substituting K; = K,K/N and using (2)
gives us:

VD + V.F(s) =V, (8)
The modified circuit is shown in Fig. 7.

Voltage type Phase Detectors

It would seem that taking an ex-
ample would be prudent at this time.

A typical lag-lead filter is shown in
Figure 8. For reference:

1+8ER:Cs
Flg) o — - ol
= TR+ B ©)

If we try to make a realization of the
modulation block “1 + K; F(s)/s” shown
in Figure 7, the process will be per-
formed in the two steps shown in
Figures 9a and b. Looking at 9a and
using the virtual ground at the in-
verted input of the operational ampli-
fier and Thevenin’s theorem:

VIV, = F(s)/2, 1 = V,/(2R,)
V, = -1/(sC,) = -F(s)V,,/(s C.4R,)

In Figure 9b we added another capac-
itor and changed the op-amp to a sum-
ming amplifier. Therefore:

V V., = -(1 + F(s)/s/(4 R1Ca)), which is
equivalent to the first term of (8) or (8").
That assumes that C, = 1/(4R,K)) =
N/(4R; K Ko) (20)

If a different sensitivity, K,,, is re-
quired, Fig. 9b can be modified to 9c
and the following relationship can be
developed:

+ +7 9
0 ———> + K_/ > V,
Kp o/s m2 Ke

Kpls

\1"1

- \\ B -
+ ) Ko >->
/

K/s

m2 1 N Phase
+ | Modulator +

Integrator

1/N -

Figure 4. FM using a phase modulator.
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Figure 5. Modulating the reference.
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Figure 6. Modulation in the loop. Figure 7. Figure 6 with equivalent circuit.
V V., = -[F(s)/s/(4R,C,) + C,/C,] = smaller, C, has to be larger and f., is and assuming that Z(s) << R/2,
-(CJCYIL + F(s)/sl(4R,C)], smaller, which means that the fre-
quency bandwidth is larger. then:
and: N = 1/Z(s) (23)

K =-Ky(Cy/ CyI1 + F /s/(4R,C,)1/D.
By using Eq. (10), we determine:

K = KC,/Cy, or C, = K,CJ/K,, (11)
This circuit has the limitations of an in-
tegrator. Of course, integrator drift can
be decreased by limiting the DC gain of
the integrator by placing a large value
resistor in parallel with C,. However,
this moves the integrator pole of f of
Zero .

Furthermore, if desired, and with
some degradation, the circuit in Figure
9c can be changed into a passive net-
work shown in Figure 10, using the fol-
lowing analysis.

Using Equation (9) and (10) it can be
shown that:

V. /V, = [1 + K[F(s)s)/[(C, + CIC, +
Ki(2 - F(s))/s]
and:

Kn= KCJCHC, + (2-F(s))(4sR,) (12)
From (9), the limits of F(s) are:

R/(R, + Ry)) < F(s) <1, orl<]2-F(s)]
<1+RJ/(R;+R).

The third term in the denominator of
(12) can be ignored for all frequencies
much greater than f.,;, where:

f min = L(8TR,C,) 13)
then:
Km = KOCa/(Ca + Cb) (14)

Obviously, when the ratio K, /K, gets

28

Charge-Pump Phase Detectors
Another technique for phase detector
design is using a charge-pump. The fol-
lowing section will derive the design
concept for such a circuit. In this case
the phase detector sensitivity,
K, is given by:
1/2/mt (15)
A charge-pump loop filter is shown in
Figure 11 and the analysis follows.

V, = 1,Z(s), and F(s) = V{/l, = Z(s) From
literature, defining:

T, =R,C,C,/(C, +C,),and T,=R,C, (16)

The impedance of Figure 11 was solved
by:

Z(s) = (1 +sT,)/(1 +sTY/[s(C, +C))] (17)
It has been shown also that:

T, = (sec @, - tan @,)/w, (18)

T, = U(w,2Ty)

C, = T, KK, SQRT {[1 + (w, T2/

(19)

[1 + (@ T IM(T,w,.>N) (20)
C,=Cy(T,/T, - 1) (21)
R, = T,/C, (22)

A realization of the modulation
block, D = 1 + K;F(s)/s, shown in Figure
7, can be executed by the passive cir-
cuit shown in Figure 12. In that circuit,
the assumption is made that the resis-
tors, R, are large enough to act as cur-
rent sources.

Next, determining the following:

VolVy, = [SC, + H(RPN))/[S(C, + Cp) +
1/R(1 - 1/(RN))], where N = 2/R + 1/Z(s),

www.rfdesign.com

VoV, = [SC, + Zy/RA/[S(C, + Cy) + LR],
and assuming that s(C, + C,) >> 1/R (24)

VO/Vm = Ca/(ca + Cb) X [1 + Z(S)/(SCaRZ)]!
and because F(s) = Z(s), equation (2) be-
comes: D=[1+KpK,Z(s)/s/N] (25)
Kn=KC/(C,+C)X[1+Z(s)/(SR-C,)I/D (26)

and the requirement for K, to be inde-
pendent of frequency, is:

K,Ko/N = 1/(R2C,) 27)
then:
Km = KOCa/(Ca + Cb) (28)

Additionally, in the above derivation
we assumed that R >> Z(s)

Next, Z, = 1/[s(C, + C,)], and the re-
quirement for R is:
R >> 1/[21f0(Cy + C))] (29)

Now calculate:

R1
R2

-

Figure 8. Lead-lag loop filter.
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Figure 9a. Realization of K;F(s)/s.
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Figure 9b. Realization of 1 + K;F(s)/s.

R = 20/[27f;x(C, + Cy)] (30)

then extract C, from (27), C, from (28), and build a model
for analyzing and optimizing the PLL as described in
Reference 7. At this point it is possible to determine a
better solution with any standard optimization program.

Element Scaling

If the resistors, R, in the modulation network shown in
Fig. 12 are too big, element scaling can be done. Attention
should be paid to the fact that the scaling is only in the
modulation network and not in the loop filter.

Set the following:

R, = R,/m
C,=mC,
C, =mC,

Substituting in (16) &. (17) leads to:
Z'(s) = Z(s))/m

Scaling should also be applied to the passive
network,which yields:

R'=R/m
C,=mC,
C, =mC,

Substituting in (26), with D untouched, leads to K,/ = K, ,
which means that the modulation sensitivity is invariant
with that element scaling. This technique gives us versa-
tility in choosing element values.

Practical configuration

A practical configuration culminates the project by com-
bining both the low-pass loop filter, shown in Figure 8, and
the modulation network, shown in Figure 10, is shown in
Figure 13. The varicap diode of the VCO is biased by the
loop filter at its anode and by the modulation network at its
Cathode. This port should have a RF short and a DC return.
Sometimes this return is accomplished by the modulation
source itself. If not, a large resistor can be connected in par-
allel to maintain that function.

c2

Figure 10. Passive modulator network.
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Figure 11. Charge-pump loop filter.
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Zs)

Figure 12. Modulation circuit of the charge-pump
PLL.

Conclusion

A very detailed look at the concept of
frequency modulating PLL circuits has
been presented in this document. It is
hoped that this technique will provide
the designer with practical tools to as-
sist them in their functionality, and the
information is found useful.
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References
1. S. Grimmett, “Frequency
Modulation in a Phase Lock Loop by

L ' Oscillator
/’ Varicap

Phase R1
A
detector
R2
e
L3
c2 T A

Ca
M—@—ANN-0—@——@
2R1 2R1

Modulation
Input

Short < Retum

Figure 13. The practical circuit schematic.

Control of the Phase Inside the Loop”,
RF Design, June 1991, pp 31-38.

2. F. Dacus, “Design and
Optimization of Frequency Modulated
Phase Locked Loops”, RF Design,
March 1992, pp 114-119.

3. M. da Silva, “Synthesis of FM
Signals”, RF Design, Sep./Oct. 1984, pp
29-38.

4. R. Best, Phase Locked Loops, New
York: McGraw-Hill, 1986.

5. F. Gardner, Phaselock Techniques,
New York: Wiley, 1979.

6. D. Rosemarin, “Technique
Provides Simple Analysis of PLL
Functions”, Microwaves & RF,
November 1993, pp. 89-91.

7. U. Rohde, Digital PLL Frequency
Synthesizers. Theory and Design,
Prentice-Hall, 1983.

About the author

David Rosemarin is an RF indus-
try consultant. He was graduated
from Technion—the Israel Institute
of Technology in 1962. He received
his M.Sc. from there in 1973. He has
worked in various Israeli industries
as an R & D engineer and manager
in RF communications. He has also
worked with companies such as
Watkins-Johnson, Microwave Semi-
conductor and Q-Tech. He can be
reached at 011.972.39063632 or P.O.
Box 739, Shaarei Tigwa, Israel
44810.

32

February 2000



