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ABSTRACT

A number of integrated circuit frequency synthesizers are available for use in
commercially-oriented radio receivers and transmitters. Application of these for frequency
hopping systems is extremely attractive, but little information exists as to their capability
for such use. This paper examines the switching speed, frequency range, and flexibility of
currently available I. C.’s, and gives both experimental and calculated results.

INTRODUCTION

Frequency hopping systems are conceptually the simplest of all spread spectrum systems.
Any radio that is capable of being tuned to more than one frequency is potentially a
frequency hopper. All that is necessary (in theory) to generate a frequency hopping radio
from a tunable radio is the addition of a code generator (to randomize the selection of
frequencies) and a method for synchronizing the code generator in a receiver with the
signal as it is received. This is illustrated in figure 1.

Until recently, however, very few frequency hopping systems had ever been attempted,
and even fewer had been successfully completed. The prime reason for this apparent lack
of effort in the frequency hopping realm is that synthesizer for generation of large numbers
of frequencies with rapid selection, were almost non-existent until the combination of add-
and-divide synthesizers1 or phase lock synthesizers and integrated circuitry came about.



* neglecting unintended sidelobes and crossproducts.

Figure 1. Comparison of Conventional Communications System and Same
System Modified for Frequency Hopping.

Today, almost all newly-developed or conceived spread spectrum systems employ
frequency hopping to some extent. Reasons for such widespread use of frequency hopping
include

• Minimal interference to conventional co-channel users.

• Relative ease of synchronization (compared to other spread spectrum formats).

• Relative insensitivity to processing in non linear channels, especially in the presence of
interference.

The energy seen by a conventional receiver due to a frequency hopping transmitter in the
same band* is



where T = observation period
P  = signal power at the receiver, in the receiver’s bandwidth
t   = hop period

If t is short compared with the observation period (that is, if the frequency hopping system
only hops to the conventional receiver’s frequency at long intervals) then the conventional
receiver’s perception is that little interference is present. At least, this is true where t is
short, say in the region of zero to 100 milliseconds. For example, a frequency hopping
system that hops over 1000 channels at a 100 hop per second rate would interfere with a
particular channel only once every ten seconds for 0.10 milliseconds, and this is far less
interference than one receives today from automobile ignition systems.

Frequency hopping systems are usually more readily synchonized than direct sequence
systems because the absolute time uncertainty associated with a given clock stability
generates a smaller code error. (Typical frequency hopping systems employ code rates in
the 100 to 100,000 chip per second range, while direct sequence systems employ codes in
the 1 X 106 to 1 X 107 range.)

Frequency hopped signals are tolerant of non linear processing, and do not suffer the same
losses, or regeneration of sidelobe energy (for unmodulated FH carriers) as direct sequence
modulated signals do2 .

In designing a frequency hopping system, the first and most important parameters that
must be specified are:

1. Information rate
2. Required interference rejection margin
3. Allowable error rate
4. Bandwidth allowable

CHOICE OF A HOPPING RATE

These parameters, together, determine the hopping rate that must be employed, together
with other important system characteristics. Information rate is usually a multiple or
submultiple of the hopping rate (where the multiple or submultiple has an integer
relationship with hopping rate). It is, in fact, usually advantageous if the hop rate used is
equal to, or higher than information rate. That is, for most system designs,



* Settling time is considered here to be the time required for a synthesizer to switch from a carrier
frequency f1 to a within f2 ±hop rate.

hop rate $ n x info rate (n = 1,2,3...).

Where hopping rate is less than the information rate, then the hopped carrier must be
modulated and this need for modulation reduces a system’s ability to reject interference
without resorting to complex burst-error-correcting codes. The use of such codes, in turn,
increases the symbol rate required to send information, and thus forces either higher rate
hopping or more symbols to be transmitted per hop.

A second consideration in choosing hopping rate is the frequency-following jammer. If a
jamming system can be built that follows the frequency hopping system from frequency to
frequency, then the receiver has no protection from jamming at all. Therefore, in most
systems, the hopping rate is set such that

T hop < D jamming - D direct

where T hop = frequency hopping time period (total time slot)
D jamming = delay in jammer’s response
D direct = path delay from desired transmitter to receiver

For most system designs, the hopping rate is set as high as is practical for the technology
being used. Thus, jamming transmitters must have minimum delay and must also be
situated so that the geometry does not provide a path significantly longer than that for the
desired signal. This leads us to the first rule used in designing frequency hopping systems:
Make the synthesizer’s settling time* as fast as possible.

The second rule for frequency hopping system design (but probably first in importance) is
to provide as many frequencies as possible. When we put these rules together, we see that
the frequency synthesizer’s maximum settling time must be considered for a frequency
change from one end of the band available to the other.

INTERFERENCE REJECTION MARGIN

Interference rejection capability in a frequency hopping system is almost entirely a
function of the number of frequency channels available, if the frequency hopped carrier is
not modulated with information. That is, the probability of error for a given hop in a
system employing an unmodulated FH carrier is the joint probability that 1. a jamming
signal is present at the frequency of interest and 2. the jamming signal causes an error.



The probability that a jamming signal is present in a given channel is simply

P(jammer present) =

where MJ = The number of channels jammed

N   = The number of channels available

We can readily see, then, that the larger the number of channels available, the less the
jammer’s effect will be.

The probability that an error will be caused when a jamming signal is present in a channel
depends in turn on the signal format, and the type and level of the jamming signal that is
present. If an unmodulated on-off carrier is used as the desired signal, for example, then
the performance will depend on the performance of conventional unhopped on-off keyed
modulation in the presence of the same type of jamming, or if PSK modulation is
employed, then the performance is the same as for conventional PSK transmission.

In any case, the error rate when at one frequency is independent of the error rate at any
other frequency, so the average error rate is simply

where ER is the number of errors produced during hop period R.

SYNTHESIZER CONFIGURATIONS

Figures 2 and 3 illustrate the two basic types frequency synthesizers employed in spread
spectrum systems today. (There are, of course, many combinations and variations of these
in use.) In choosing between the two configurations shown, which are usually termed
“direct” and “indirect” respectively, one usually finds that the add-and-divide approach
has faster settling time, while the phase lock approach has smaller size and capability for
higher operating frequency. Both types, incidentally, have the capability for generating
coherent frequency spectra, but are not usually required to do so.

Unfortunately, only the phase lock type has been implemented in a readily available
integrated circuit form, even though modules consisting of a switch, a mixer, and a divider
could easily be constructed in a single integrated circuit. Because of this lack of integrated 



Figure 2.  Typical Add-and-divide Frequency Synthesizer Configuration.

Figure 3.  Typical, Basic Phase Lock Frequency Synthesizer Configuration.

cicuits for direct synthesis, we will concentrate for the remainder of this paper on phase
lock synthesizers that have already been implemented in integrated circuit form. In fact, we
we only consider those that are monolithic circuit form.



AVAILABLE SYNTHESIZERS

Table 1 is a listing of available phase lock synthesizers. We do not suggest here that the
list is either exhaustive or even that all can be readily obtained. However, most of those
listed have been tested for use in frequency hopping synthesizers. Figure 4, for example,
shows the output spectrum of one of these synthesizers while generating 128 freqencies
and hopping at 500 hops per second.

The synthesizers included table 1 are those that have a complete synthesizer on a chip, or
at least that include all circuits other than a voltage controlled oscillator. Not listed here
are phase lock loop I. C. ‘s that do not include a programmable divider, or phase lock loop
components such as VCO’s, phase detectors, or counters that are separately packaged.
This is not to say that these are not valuable for frequency hopping synthesis, but our
attention here is directed only toward single-chip circuits.

Many of the synthesizers listed in table 1 have been developed specifically for use in
citizen’s band radios. As such, they often have a limited range of divisors available (since
such radios have only 40 channels) and must be excluded from many applications in
frequency hopping systems. We will arbitrarily set a lower limit for usefulness in
frequency hopping systems of 100 frequencies. (With fewer than 100 frequencies
available, the jamming margin in a frequency hopping system is sverely restricted.) A
second consideration that is very important for many applications is the maximum
frequency acceptable by the internal divide-by-n counter from the loop VCO whether the
VCO is internal or external to the I. C. itself). Although it is true that an external prescaler
can extend the operating frequency of a phase lock synthesizer to very high frequencies (in
excess of a GHz) such prescalers also limit the choice of reference frequency, and thereby
tend to reduce the synthesizer’s hopping rate. For example, a times-ten prescaler (divider)
at the output of the VCO in a phase lock synthesizer, driving the synthesizer’s
programmable counter does indeed increase the frequency of the VCO by a factor of ten,
but at the same time, the reduction of the programmable counter’s range of count moduli
and output frequency forces the reference frequency used to be lower, and in turn
increases loop settling time by the same factor.

Minimum reference frequency for a phase lock synthesizer can be defined as the ratio of
the number of cycles of the reference frequency needed for lock to a new frequency, to the
fraction of a frequency hop time period available for shifting frequency, times the hopping
rate. For most systems, the number of cycles considered necessary is three to five, and the
fraction of time permitted for switching and settling to a new frequency is one tenth of the
overall hopping period, or less. That is



Reference frequency referred to here is not necessarily the maximum frequency that can be used. In most of
the synthesizers listed, an internal crystal oscillator is provided, with a fixed divider that divides that fixed
oscillator down to the reference frequency, and this is the frequency that is listed. Other frequencies can be
employed, however.



where Nref = The number of reference cycles allowed for lock.
J = The fraction of a hopping period allowed for settling time.
Rhop = Frequency hopping rate.

(For a 100 hop per second system, with settling time of 0.1 hop period, the minimum
reference frequency would be                        x 100 = 5000 Hz.)

Figure 4. Output Spectrum of I. C. Frequency Synthesizer at
500 Hops Per Second, 128 Frequencies Available.

CONCLUSION

Today’s frequency hopping systems can be benefitted by the use of commercially-
available integrated circuit frequency synthesizers, if care is used in their selection and
application. Available synthesizers can provide output frequencies up to 120 MHz without
either multiplication or prescaling, and as many as sixteen thousand discrete frequency
steps. Typical units can also hop at rates in excess of one thousand hops per second, with
more than one thousand frequencies available.
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