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for loop filter design, reference oscillator and
frequency divider. The simulation capability of
Symphony performs frequency-domain, time-
domain and mixed-mode (time and frequency
together) analyses for end-to-end communica-
tion system design. Additionally, the software
can perform co-simulations through the use of
MATLAB1 as well as customized models writ-
ten in C or C++ language.

Symphony incorporates both functional
and electrical behavioral elements. Functional
elements do not have electrical representa-
tion, such as S-parameters, but rather are de-
fined by a set of signal-processing equations
that relate output to input signals. The func-
tional elements are unidirectional, and use a
parameter to specify sampling rate for wave-
form sources or bit rate for binary sources.
Electrical elements have an electrical repre-
sentation, such as S-parameters, in the fre-
quency-domain. Nonlinear electrical elements
can be further defined by additional nonlinear
figures of merit, such as third-order intercept
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Phase-locked-loop (PLL) frequency syn-
thesizers are used throughout communi-
cations systems to provide a stable

source of carrier and baseband signals. Since a
PLL can be considered a subsystem within a
larger communications system, it is appropri-
ate to analyze this type of network with the
help of a system-level simulator, such as the
Symphony communication system designer
within the Serenade software suite. The soft-
ware utilizes behavioral modeling to simulate
the performance of various PLL components
and allows designers to examine how compo-
nent selection can be applied to the design
and simulation of a real-world PLL synthesiz-
er. The use of flexible behavioral models
means that only a few parameters need to be
entered before simulation is possible. Model
details may be added as they become available
to the designer. This permits early prototyping
as well as full system characterization.

Symphony allows engineers of systems and
subsystems, such as PLLs, to design at various
levels of detail. The simulator easily allows the
construction of a PLL synthesizer through the
connection of its standard built-in behavioral
components, such as a voltage-controlled os-
cillator (VCO), phase detector, components

PERFORMING TRANSIENT
ANALYSIS ON PLL
FREQUENCY SYNTHESIZERS
A PLL can be considered a subsystem within a larger communications system, so
it is appropriate to analyze this type of network with the help of a system-level
simulator. The use of flexible behavioral models within the simulator allows only a
few parameters to be entered before simulation can be performed. Model detail
may also be added as it becomes available to the designer, which permits early
prototyping as well as full system characterization. 



point, mixer spurious response or
1dB compression point. In addition
to having a list of input parameters,
many electrical elements may access
external (measurement-based) data
files. These data files may also in-
clude a description of linear data (for
instance, S-parameters as a function
of input frequency) or nonlinear data
(output power and phase as functions
of input power).

PLL BASICS 
PLLs are critical for frequency ac-

curacy in wireless systems, helping to
minimize interchannel interference by
limiting spectral spreading. In addi-
tion, time-division-multiple-access
(TDMA) cellular communications sys-
tems require synthesizers capable of
tuning to a new channel within a small
fraction of each time slot. This leads to
the need for minimal locking time.
The suppression of reference spurious
signals and phase noise is also critical
in modern digital communications sys-
tems, as well as wide tuning range and
good frequency stability. 

A PLL contains a VCO whose out-
put is fed through a divider circuit back
to a phase detector. The phase detector
is also fed by a stable reference fre-
quency source, typically a crystal oscil-
lator. The loop filter at the output of
the phase detector suppresses refer-
ence frequency components and also
serves as an integrator. The resulting

output signal is then
used as a controlling
voltage for the VCO,
as seen in Figure 1.

The phase/fre-
quency detector ad-
justs the voltage
presented to the
VCO until the feed-
back frequency
matches that of the
reference signal.
When the system is
phase-locked, the
VCO is N times that
of the reference fre-
quency, where N is
the frequency divi-
sion ratio for the
reference oscillator.
Changing the value
of the divider will
cause the phase de-
tector to sense a
frequency error.

The feedback loop will respond with
a correcting voltage. The operating
range is set by the maximum fre-
quency of the divider, the division
range ratio of the divider and the
VCO’s tuning range.

A PLL is primarily a nonlinear de-
vice because its phase detector is non-
linear. However, when its loop is in a
locked condition,2 a PLL can be accu-
rately approximated by a linear control
model, shown in Figure 2. In this
case, each of the PLL’s components
can be described by a linear transfer
function. When the loop is closed, the
response can be expressed as the ratio
of the phases of the VCO and the ref-
erence oscillator. As a result, the
closed-loop gain, B(s), is equal to the
forward gain divided by (1 + the open-
loop gain), and the forward gain is the
product of the phase detector gain,
the VCO gain and the loop filter gain
divided by the gain of the divider. 

A Bode plot of the open-loop gain
G(s)H(s) as a function of frequency,
as shown in Figure 3, clearly identi-
fies the loop bandwidth ωp, the fre-
quency at which the open-loop has
unity gain and the phase margin φp,
the difference between the phase at
the unity gain point and –180°.

For the loop to be stable, the point
of unity gain must occur before the
phase reaches 0°. For the best loop
performance, the phase margin
should be approximately 45°. The

loop bandwidth must be carefully
chosen with regard to lock time,
phase noise, stability and reference-
energy suppression.

The design of a PLL loop filter in-
volves several trade-offs, including
lock time, noise, stability and refer-
ence spurious products. For example,
fast lock times are possible with wide
loop filter bandwidth, although this
will also lead to higher reference spu-
rious products. A wide loop filter
bandwidth will also generally improve
the close-in phase noise, but may de-
grade the integrated phase noise. A
narrow loop filter bandwidth can re-
duce reference spurs, but leads to in-
creased lock time and decreased
stability. 

A PLL’s loop filter provides the
poles and zeros of the forward gain. A
typical second-order filter can be
constructed with just a few capacitors
and resistors, as shown in Figure 4.
The second-order transfer function is

where the time constants, which de-
termine the pole and zero frequen-
cies of the filter transfer function, are

T2 = R2C2

and

The values for T1 and T2 depend on
the specified loop bandwidth and
phase margin.
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▲ Fig. 1  A basic single-loop PLL frequency synthesizer.

Kφ = PHASE DETECTOR GAIN FACTOR (V/rad)
KVCO = VCO GAIN FACTOR (rad/s/V)
F(S) = FILTER TRANSFER FUNCTION
N = FREQUENCY DIVISION RATIO
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▼ Fig. 2  Linear control model of a PLL in locked state.
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▲ Fig. 3  Bode plot of the open transfer
function of a PLL showing the loop
bandwidth ωP and the phase margin φP.  
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▼ Fig. 4  Typical second-order filter.



20log[(2πfrefR3C3)2 +1]

and the time constant for a given value of additional at-
tenuation is

Using the new filter loop bandwidth of ωc, the filter com-
ponent values can be recalculated where

and the phase-margin degradation caused by R3C3 is re-
duced by increasing C1 and C2 and slightly decreasing R2

To demonstrate the effectiveness of the Symphony sys-
tem-level software in developing practical PLL designs, a
900 MHz PLL was designed with a third-order loop filter.
The design features a VCO with tuning sensitivity KVCO =
20 MHz/V, a reference frequency of 200 kHz, attenuation
of 20 dB, optimum output frequency (RFopt) of 900 MHz,
a division ratio of RFopt/fref, N = 4500 and optimum phase
margin of 45°. The filter is based on a design example
from U. Rohde and D. Newkirk.3 The loop bandwidth
was chosen as 10 percent of the reference oscillator (ωp =
2π • 20 kHz = 1.256 • 105). 

A similar 900 MHz PLL is also available as an exam-
ple in the Symphony software package. The software
contains all of the components needed to create the
PLL, including the VCO, divider, reference oscillator,
second-order loop filter and phase detector. The refer-
ence oscillator has a sinusoidal output that must be
sampled in the time-domain. The designer must specify
a sample rate that is at least twice the maximum fre-
quency swing of the VCO according to Nyquist criteria,
as well as the number of samples to be used, which can
be determined by the product of the sample rate and
the estimated lock time. Figure 5 shows the 900 MHz
PLL example. 

A designer must also specify the frequency, power and
phase noise of the reference oscillator. According to Lee-
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The phase margin is often specified to be 45° for best

performance (for critical damping). The loop bandwidth
is specified to achieve the desired overall performance
with respect to the lock time, phase noise, stability and
reference spurious suppression. Generally, the loop band-
width is selected as wide as possible for fast lock time, but
not too wide as to allow unacceptably high reference spu-
rious levels.

The phase of the open-loop gain as a function of fre-
quency is dependent upon the single pole and zero of the
transfer function

φ(ω) = tan–1(ωT2) – tan–1(ωT1) +180° (3)

The phase margin can then be easily derived by setting
the derivative of phase to zero

The values of T1 and T2 can then be determined from

In turn, the filter component values for C1, R2 and C2 can
be obtained from T1 and T2 and the loop bandwidth as

where

For additional rejection of the reference spurious, it may
be desirable to add a low pass filter section. The low pass
section contributes an additional pole, which must be low
enough to provide significant additional reference attenu-
ation and high enough (≥ 5ωc) not to compromise the
loop’s stability.

The resulting third-order filter has a time constant for
the added low pass section of

T3 = R3C3

The additional reference attenuation added by the new
section is equal to
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son’s model,4 the power spectral den-
sity of the reference oscillator’s ran-
dom phase noise is

where

fm = frequency offset
flo = center frequency
Plo = average power at oscillator

output
fc = flicker noise frequency
Qload = loaded quality factor (Q) of

the reference oscillator

The frequency offsets F1 and F2
define the behavior of the desired oscil-
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lator type (Figure 6), where type 0 is a
low Q oscillator and type 1 is a high Q
oscillator. For a low loaded Q, F1 and
F2 correspond to fc and flo/2Qload, re-
spectively, while for a high loaded Q,
F1 and F2 correspond to flo/2Qload and
fc, respectively. The frequency re-
sponse of the reference oscillator can
be broken down into three regions: (1)
the region near the carrier, where fm <
F1; (2) the region far from the carrier,
where F1 < fm < F2; and (3) the white
noise region, where fm ≥F2. Regions 1
and 2 are represented in the frequen-
cy-domain with 8192 frequency points
each. Region 1 typically requires much
finer frequency resolution than region
2. Region 3 is modeled as an additive
white Gaussian noise (AWGN) process.
The total random phase noise process
is simply the sum of the contributions
from each region. Since the sampling
frequency of the generated phase noise

process is less than the actual output
sampling frequency, linear interpola-
tion is applied on the generated phase
noise process in the time-domain to en-
sure that it has the same sampling rate
as the output signal.

The next PLL component to mod-
el is the frequency divider. The fre-
quency divider converts the input sig-
nal at a given frequency to a new fre-
quency based on the ratio of the
frequency divider, N. If the reference
frequency is 200 kHz and the fre-
quency of the free-running VCO is
905 MHz, then N = 900 MHz ÷ 200
kHz = 4500. This results in a differ-
ence of 905 – 900 MHz or a 5 MHz
frequency jump to achieve a locked
condition. The final tuning voltage af-
ter achieving lock can be found from

Following this, the loop filter can be
specified in Symphony in a number of
different ways. The loop filter can be
specified as a collection of functional
elements, such as poles and zeros, as
lumped-element circuits or as S-para-
meter data. A complex multiplier han-
dles the phase detector in this 900
MHz design example. The signals from
the reference oscillator and the divid-
ed-down VCO signals are fed to the in-
puts of the multiplier. The output of
the multiplier is the product of these
two signals. Two types of multipliers
are available in Symphony, for both
high side and low side multiplication,
respectively. As an alternative to the
complex multiplier, a charge-pump cir-
cuit can be used as a phase detector. A
phase-frequency detector, for example,
can be created from a D-type flip-flop
device. 

Once a PLL subsystem has been
designed and created in software,
software probes are used to view the
operation of the system. A variety of
different probes are available for this
purpose, including signal probes
(which measure voltages at functional
nodes), signal-to-noise-ratio (SNR)
probes, bit-error-rate (BER) probes,
a d j a c e n t - c h a n n e l - p o w e r- r a t i o
(ACPR) probes, frequency trajectory
probes, power probes and voltage
probes (which measure voltages at
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Fig. 6  Phase noise plots of (a) low Q and (b) high Q oscillator models 
available in Symphony. ▼
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▲ Fig. 5  A 900 MHz PLL example in Symphony using behavioral models 
and signal probes.



low frequency pole and actually func-
tions as a second-order loop. Because
the loop filter has one low frequency
pole and a second pole at a much
higher frequency, the simulation time
will be extremely long and memory-
intensive due to the long time-do-
main impulse response required for
the low frequency pole and the small
time step required for the high fre-
quency pole. To accelerate the simu-
lation time, the filter should be con-
verted to a single-order type with
separate integrator. 

CONCLUSION
A practical PLL design utilizing

system-level simulation and electri-
cal/functional behavioral models has
been demonstrated. Equations for
specifying filter characteristics were
derived and applied to the design.
The resulting 900 MHz PLL was de-
termined to have a 300 µs locking
time given a 905 MHz free-running
oscillation frequency. Further analysis
could be applied to determine output
power and phase noise.  ■
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electrical nodes). In the example PLL
design, signal probes have been
placed after the phase detector and
the loop filter in order to view the
phase-error signal and the input to
the VCO. The PLL lock time can be
deduced by viewing the instanta-
neous frequency as a function of sim-
ulation time using the frequency tra-
jectory probe (Figure 7).

SIMULATION RESULTS
Simulated performance results are

shown via time-domain signal probes.
These probes show the signal after the
multiplier and from the phase detec-
tor. This signal is then used to control
the VCO. This signal contains all the
mixing products of the divided-down
VCO signal and the reference oscilla-
tor signal. The amplitude of the enve-

lope shows the difference of these sig-
nals. A close-up plot of the trace shows
the sum frequency (fref + fVCO/N). The
change in frequency as the PLL locks
is seen by the change in the period
from the beginning of the trace and
back. In this design, the loop filter and
integrator have effectively reduced the
level of reference spurs. 

Alternately, the probe response
could have been viewed in the fre-
quency (spectral) domain. The center
peak actually contains two peaks,
±(fref + fVCO/N). In this case, the fre-
quency trajectory probe has been
placed after the VCO to indicate the
actual locking time, which was deter-
mined to be 300 µs.

The 900 MHz PLL can also be re-
alized with an active filter rather than
the passive lumped-element filter, as

shown in Figure 8.
The active (second-
order-type) filter
can be constructed
with a finite-gain
operational amplifi-
er, lumped electri-
cal elements and an
integrator (a func-
tional element in
the software). Be-
cause the op amp
has finite-gain, it
does not behave as
a true integrator
(with infinite gain at
0 Hz). Instead, the
active filter has a

▲ Fig. 7  PLL settling time display using 
a frequency trajectory probe.
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▲ Fig. 8  A 900 MHz PLL synthesizer based on an active loop filter design.


