
FREQUENCY-SYNTHESIS TECHNIQUES

Comparing Integer-N And
Fractional-N Synthesizers

This review of two popular frequency-syn-
thesis techniques helps system designers
choose the best approach for their com-
munications applications.

ly used for local-oscillator (LO) signal
generation. It may be possible to explain
the popularity of the integer-N syn-
thesizer by reviewing the theory and
fundamentals of each technique, and
examining the basic building blocks
for each approach. The advantages of
each technique will be reviewed to pro-
vide system designers with some direc-
tion in choosing which method is bet-
ter for a particular application. The
cellular GSM-900 system will serve as
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the example to provide numer-
ical examples of how inte-
ger-N and fractional-N syn-
thesizers work.

The first step is to exam-
ine the workings of an integer-N PLL,
which has a number of basic building
blocks, including a phase-frequency
detector (PFD), charge pump (CP), a loop
filter, a voltage-controlled oscillator
(VCO), and a feedback divider. The
PFD is the engine of any PLL, com-
paring the phase (and frequency) of
two inputs, while its output drives the
charge pump to control the loop filter
and VCO. The two inputs are a fixed
reference frequency (IN+) and the divid-
ed-down, fedback signal of the VCO
(IN�). This is the essence of any neg-
ative feedback system. (All negative
feedback-control theory transfer func-
tions are applicable to PLLs.) If the
IN� phase lags IN+, the PFD drives
the VCO to increase its frequency. This
will continue until the IN� signal phase
is the same as the IN+ phase. This is how
phase lock is attained. If the IN� sig-
nal phase leads the IN+, the opposite
occurs as the PFD drives the VCO to
decrease in frequency again—until lock
is achieved. Since phase is the integral
of frequency, a similar frequency-domain

1. The PFD and
charge-pump cir-
cuitry in an integer-
N synthesizer tune
the loop filter and
VCO according to
detected phase and
frequency differ-
ences at the two
input ports.

ractional-N synthesizers for phased-locked-loop (PLL) appli-

cations have threatened to challenge the dominance of

integer-N synthesizers for many years. These synthesizers

offer the dual advantages of significant improvement in PLL

phase noise and fast lock times. Due to this, PLL designers

betray their excitement with each new fractional-N prod-

uct. Still, the integer-N frequency synthesizer is more wide-
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analysis can be used to explain how
frequency lock is attained (Fig. 1).

The PFD works in exactly the same
way for integer-Ns and fractional-Ns.
When in lock mode, the PFD still pro-
duces very narrow alternating high and
low-output pulses that maintain lock and
prevent deadbands. The PFD is also
the dominant inband noise source in the
PLL. Commercially available synthesizers
differ in phase-noise performance main-
ly due to the noise characteristics of
their PFD. For any particular synthesizer,
as the PFD frequency increases, the
PLL will become noisier. The reason for
this is that if the PFD is updating the VCO
at a faster rate, it is also going to con-
tribute more noise. The noise perform-
ance degrades at a rate of 10log (PFD 
frequency).

The loop filter, which is usually a pas-
sive element, is situated between the
charge-pump output and the VCO. It
is employed in a lowpass fashion to
attenuate noise and spurious elements
of the LO. Since loop-filter theory does
not vary when applied to both synthe-
sis techniques, this part of the PLL is not
a differentiator between the two
approaches. 

The VCO generates an output fre-
quency that is dependent on input volt-
age. Most VCOs have positive polari-
ty, meaning that an increase on the
tuning-port voltage corresponds to an
increase in its output frequency. Its out-
put is split, with part of the signal pro-
viding the LO signal to the outside
world, and the remaining portion pro-
viding the feedback signal into the N-
divider of the synthesizer.

The N-divider takes the output sig-
nal from the VCO and divides it by a
preprogrammed amount. This divid-
ed signal is fed to the IN� input of the
PFD. A combination of dual-modulus
bipolar prescalers and complementary-
metal-oxide-semiconductor (CMOS)
counters is the most widely used meth-
ods of implementing N-dividers. The N-
divider is the ratio of the RF frequen-
cy to the PFD frequency:

N = RFOUT / FPFD
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As its name suggests, an integer-N
synthesizer only allows integer values
of N to be used in this equation. This
limits the freedom of the RF output. In
GSM-900, the RF output must be able
to move in channel steps of 200 kHz.
This means that using an integer-N
forces PFD frequency (FPFD) to also be
equal to 200 kHz. Therefore, to attain
an RF output frequency (RFOUT) of
900 MHz, N is programmed to divide
by 4500. To tune to the next adjacent
channel, located at 900.2 MHz, N is pro-
grammed to 4501.

Since it is based on integer-N, the frac-
tional-N PLL inherits many of the build-
ing blocks of its predecessor (Fig. 2).
The PFD, charge pump, loop filter, and
VCO all work in the same way on both
platforms. The N-divider is different,
however. In a fractional-N PLL, the
N-divider is broken up into the integer
divider (N) and a modulus-M interpo-
lator (M), which acts as the fraction

function by toggling the N-divider. The
interpolator is programmed with some
value (f). The average division factor is
now N + f/M  where: 

0 � f � M. 

(N + f/M) = RFOUT / FPFD

This is the essence of fractional-N syn-
thesis. It now means that the PFD fre-
quency can be larger than the RF chan-
nel resolution. In revisiting the GSM-900
example, it may be instructive to exam-
ine how the fractional-N approach han-
dles the generation of 900-MHz output
signals with 200-kHz channel resolu-
tion. If a modulus M of 10 is available,
FPFD can be set to 2 MHz. N is pro-
grammed to 450, f is 0, and M is 10.
To tune to 900.2 MHz RFOUT, NAVER-

AGE must be 450.1, N is programmed
to 450, f is 1, and M is 10. To achieve
this, the N-divider is toggled under the

control of the interpolator between N
and N+1 and the average taken. What
effectively occurs is that the N-divider
divides by 450 nine times, and then
divides by 451 once every 10 PFD cycles.
The average over the 10 cycles of 450.1
is taken as NAVERAGE, which is fed to
the PFD. However, much complex cir-
cuitry is needed to implement this. 

Interpolators can be implemented
using the overflow bit of an accumulator.
Alternatively, sigma-delta modulators
are often employed for this task due to
their averaging function and noise-
shaping characteristics. In this case,
every time an N value is presented to
the PFD, it has been modulated by the
sigma-delta modulator. This introduces
spurs to the loop at FPFD/M. This mod-
ulation of the N-divider introduces
inaccuracy into the loop in the form of
phase error. In the case of integer-N, the
loop inherently attains lock, and the
PFD minimizes phase error. In a frac-
tional-N, the sigma-delta modulator
ensures the average phase error is cor-
rect, since it regularly introduces phase
error into the loop. This makes the PFD
and charge pump work harder to com-
pensate and maintain lock. This brings
the linearity of the charge pump into the
equation. All charge pumps have some
nonlinearity associated with them. Non-
linearity in the charge pump will increase
the spurious amplitude. 

Using a second-order sigma-delta
modulator, the spurious noise on the
charge-pump output appears in a first-
order highpass nature (Fig. 3a). However,
the spurious signals are then acted upon
by the lowpass loop filter before being
presented to the VCO (Fig. 3b). This is
why second-order sigma-delta modulation
is the method that many PLL designers
choose. The spurious content is intro-
duced in a highpass fashion, and then
attenuated by the lowpass filter. 

Since using higher-order sigma-delta
modulation will noise-shape at a high-
er order, it is at the expense of current
consumption, more spurs, and greater
design complexity. Other standard
sigma-delta tricks, such as dithering,
can be used in fractional-N. This reduces
the spurs at the expense of noise degra-● Enter NO. 403 at www.mwrf.com
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dation (Fig. 4). Spurious content is the
major drawback to fractional-N, and
the effect of spurious noise on a system
will be discussed later.

As shown for integer-N synthesis, the
N-divider can be quite large. The phase-
noise performance of a PLL is a mea-
surement of PFD noise floor that is
degraded by 20logN. Since N is 4500
in the GSM-900 setup, 20log4500 is 74
dB. Therefore, since N is so large, the
RF output is degraded by 74 dB. 

While the integer-N solution has
worked extremely well since its inven-
tion in the 1930s, a question arises as
to when superior phase-noise specifi-
cations are required, as inevitably hap-
pens. From a phase-noise standpoint, the
need for fractional-N is an obvious one.
As mentioned previously, the phase
noise of a PLL is a measurement of the
PFD noise floor that is degraded by
20logN. If N could be reduced, the over-
all degradation due to 20logN will also
reduce, improving phase noise. Refer-
ring to the previously mentioned exam-
ple, if there were 2 MHz at the PFD
instead of 200 kHz, there would be an
improvement in noise of 20log
(2MHz/200 kHz) = 20dB. However, as
noted earlier, there is a penalty for oper-
ating the PFD at a higher frequency.
This penalty is the 10log (PFD frequency
increase) = 10log (2 MHz/200 kHz) =
10 dB. So the net phase-noise improve-
ment is 20 � 10 = 10 dB. This 10 dB rep-
resents a very significant reduction in noise,
but there are drawbacks—having 2
MHz at the PFD means that the RF out-
put can only increment in steps of 2
MHz. For Global System for Mobile
Communications (GSM), the requirement
is to increment the RF output in steps
of 200 kHz. Using a fractional-N with
a modulus M of 10 would reduce the
noise, while maintaining the RF out-
put resolution of 200 kHz. The sigma-
delta modulator can introduce noise
into the loop. In practice, the noise intro-
duced into the PLL by the sigma-delta
modulator can sometimes be greater
than the improvement gained by using
a lower value of N. Good design prac-
tice can prevent this from happening. The
ADF4252 fractional-N syntheiszer from
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ADI shows typical inband phase-noise
performance of �100 dBc/Hz when set
up in GSM-900 conditions. This is typ-
ically 8 dBc/ Hz better than the ADF4113
integer-N.

Lock time is another reason for push-
ing the cause of fractional-N synthesis,
especially in mobile communications.
Faster lock time will improve a hand-
set’s battery life. If it takes the handset
less time to reach power-up conditions,
search for a signal, and return to power-
down conditions, it will consume less
power. GSM base stations often employ
two integer-N PLLs that are set up in
a “ping-pong” architecture since they
cannot lock quickly enough by them-
selves. These architectures prove extreme-
ly expensive, requiring an extra VCO
and high-isolation switches to prevent
interference between the two PLLs. A
fast-locking PLL would eliminate the 
need for two PLLs, thus drastically
reducing cost and size. There are two
rules of thumb for PLL design that need
to be considered:  

• Faster lock times are achieved with
increasing PFD frequencies. The reason
for this is that the PFD updates the con-
trol voltage to the VCO at a frequen-
cy equal to the PFD frequency.

• The loop-filter closed-loop band-
width (CLBW) is usually designed to be
one-tenth (at most one-fifth) the PFD
frequency. This is common practice to
ensure loop stability and to realize real-
istic filter components.

For GSM, an integer-N synthesizer
is forced to have 200-kHz PFD and,
therefore, the CLBW of the filter will
typically be 20 kHz. This results in a lock
time of approximately 250 �s. Increas-
ing the CLBW is possible, but will lead
to stability issues. A PFD of 2 MHz
and CLBW of 200 kHz would lock
more quickly—approximately 20 �s. It
would seem that having a larger PFD
is a good way to reduce lock time, and
to improve phase noise. So, why then
is the integer-N PLL not dead yet? The
answer lies in how the fractional-N is
implemented. 

Any spurious noise on the RF output
is not welcome, since it can lead to inter-
ference with other channel users. Nat-

urally, strin-
gent specifi-
cations exist
on this. Spu-
rious content
in a PLL is
generated
mainly by the
charge pump.
Even when 
in lock, the
charge pump
constantly up-
dates the volt-
age being sent
to the VCO.
This is to com-
pensate for
charge-pump
leakage cur-
rent and to
prevent back-
lash. As the
PFD obtains
an input at
IN+, it com-
pares  i t  to
IN�,  and
sends an out-
put  to  the
VCO. There-
fore, the DC
voltage being
fed to  the
VCO will have a pulse modulated onto
it with a frequency equal to IN+.  This
modulation finds its way onto the out-
put of the VCO, and manifests itself as
a spur on the RF output at a frequency
equal to IN+ on either side of the car-
rier. Harmonics of the spur will also

appear on the RF output. The loop fil-
ter will generally have a cutoff frequency
of approximately one-tenth the PFD
frequency. In the case of an integer-N
synthesizer, this means that a 200-kHz
spur will have one decade of attenuation
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4. This plot compares spurious levels for the two frequency-synthe-
sis approaches.

2. Fractional-N and integer-N synthesizers have many common elements, but the N-
divider operation is different in each type.

3. With a second-order sigma-delta modulator, the spurious noise
on the charge-pump output appears to have a first-order highpass
nature (a), which is then acted upon by the lowpass loop filter (b).
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applied to it by a 20-kHz lowpass loop
filter. The order of the loop will deter-
mine how much attenuation is applied
per decade. So, an integer-N inherent-
ly attenuates the spur. The integer-N
ADF4113 spurious performance  in
GSM-900 conditions is typically better
than �95 dBc. 

This is where the fractional-N begins
to run into trouble. A 2-MHz PFD will
generally have a 200-kHz loop filter. (A
20-kHz filter could be implemented,
but this would only result in lock times
similar to the integer-N.) There will be
a spur at 2 MHz, which will be well-atten-
uated by the filter, just like an integer-
N. But the sigma-delta circuitry will
also introduce fractional spurs into the
system. As explained earlier, the first frac-
tional spur will usually appear at FPFDM,
which is the same offset that the first ref-
erence spur would appear in an integer-
N architecture. Again, its harmonics

will also appear. In the example used here,
this means a fractional spur will appear
at 200 kHz, which is just at the cutoff
of the 200-kHz loop filter. Therefore,
the filter will not attenuate this spur, and
its energy is modulated directly onto
the RF output. In practice, this results
in fractional spurs at levels that violate
acceptable limits for many applications. 

What is the best choice of synthesizer
for a particular application and why
are integer-N synthesizers so widely
used?  There are several reasons:

• Technology is still battling to over-
come the noise and spurious problems
inherent in implementing fractional-N
sources. The nonlinearity of the charge
pump becomes a critical factor in the
level of fractional-N spurs. 

• Integer-N PLLs are still good enough
for many applications and are improv-
ing all the time.

• The extra circuitry needed to imple-
ment a fractional-N solution increases

current consumption. In the wireless
portable market, current consumption
is a critical specification.

• The “holy-grail” of the PLL design-
er will appear in the form of a frac-
tional-N synthesizer whose compen-
sation circuitry does not introduce any
excess noise or spurs into the system,
thereby providing all of the theoretical
advantages over integer-N. 

• Finally, fractions are more difficult
to understand than whole numbers. It
was true in school, and is true in the PLL
world.
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contact member have tapered ends,
which produce a spring action and an
outward force along a center axis of cylin-
drical pressure contact. 

To achieve low-frequency perfor-
mance, multiple capacitors are employed
in a coaxial structure (Fig. 6). Pairs of
parallel-plate microwave capacitors are
connected to minimize losses at the
lowest frequencies. The outer plates of
the two capacitors are connected through
a special miniature clip. This configu-
ration enables the total capacitance to
be increased and also provides a way
to install the capacitor assembly in a coax-
ial structure. Since the total capacitance
increases, the loss at low frequencies is
reduced. By using this with a pair of axi-
ally resilient coaxial connections on
both ends of the center conductors, a
solderless connection is created in the
coaxial transmission line.2

The DC current is injected through
Anritsu’s tapered coil-type inductor,3

which provides advantages in broad-
band resonant-free applications such
as bias tees. The diameters of the coil wind-
ings are tapered to reduce resonant loss
found in typical inductors, which have
uniform diameter windings. In a tapered
coil, the diameter of each winding is
slightly bigger than the next winding, dra-
matically reducing the resonant losses.
Additionally, the coil includes a core
made up of a dielectric material containing
a colloidal suspension of magnetic par-
ticles. This provides low resistive loss-
es and enables the coil to have large
low-frequency quality factor (Q). Since
magnetic particles will have magnetic per-

meability, the coil will have an increased
inductance at all microwave frequencies.
As such, a single coil can be used in a
filter, which requires a large low-fre-
quency Q, and as a bias line that requires
large resistance at high frequencies for
this particular high DC current appli-
cation. Anritsu Co., 1155 East Collins
Blvd., Richardson, TX 75081; (800)
ANRITSU, Internet: www.global.anrit-
su.com/products/components
Enter No. 51 at www.mwrf.com
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6. To achieve
good low-fre-
quency response
in the bias tee, 
multiple parallel-
plate capacitors
are employed in a
coaxial 
structure.
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