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Abstract— A technique of spread-spectrum transmission, interpolated frequency-hopping (IFH), is presented. IFH employs
a carrier that moves smoothly and continuously in frequency,
helping to alleviate problems, such as spectral splatter and transient mismatch, which are a concern in conventional phase-locked
loop (PLL)-based frequency-hopping spread-spectrum systems.
In IFH, the pseudorandom hopping code is passed through a
digital interpolation filter prior to controlling the synthesizer
instantaneous frequency output. While such filtering is commonly
used in data pulse-shaping to improve the spectral characteristics
of the modulated carrier, such filtering has not been reported
for IFH codes, where the frequency deviations are changing
and can span several MHz. The implications of matching the
transient responses of two PLL-based frequency synthesizers
using this method have also not been reported. Initial simulation
and laboratory measurements indicate that, for certain cases,
IFH shows a 1.9 dB improvement in received IF power, has a
much sharper roll-off of inband phase noise when compared to
conventional hopping, and provides a phase-coherent IF after
despreading. An IFH transceiver system using – frequency
synthesis and a – frequency discriminator is proposed. The
system would be suitable for integrated mobile radio applications
in slow-fading environments.
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I. INTRODUCTION

M

OBILE radio channels present system designers with
many difficult design challenges. In order to combat
problems, such as multipath fading and frequency allocation,
transmission methods must be robust, efficient, and costeffective. Spread-spectrum, used by the military for over
30 years, has become of interest for use in commercial
mobile radio applications [1]. In spread-spectrum, a signal
is spread over a frequency bandwidth that is much wider
than the minimum bandwidth required to transmit the signal.
This frequency-spreading offers the transmitted signal several
advantages, such as resistance to jamming, resistance to interference and multipath fading, low probability of intercept, and
the possibility of using code-division multiple access (CDMA)
[2]. For commercial applications, resistance to jamming and
low probability of intercept are of little concern.
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The three basic kinds of spread-spectrum signals are
frequency-hopping, time-hopping, and direct-sequence [3]. In
a frequency-hopping system, the carrier frequency is “hopped”
around in a pseudorandom sequence, which is known by
both the transmitter and the receiver. In time-hopping, the
data is transmitted in bursts that occur at pseudorandom
times known by both the transmitter and the receiver. In
direct-sequence spread-spectrum, the data is modulated by
a high-speed pseudorandom binary bitstream, which spreads
it over a frequency bandwidth that is determined by the
pseudorandom code bit rate. Again, the code is known by
both the transmitter and the receiver. IFH, introduced in this
paper, is offered as an alternative form of frequency-hopping.
IFH alleviates some of the problems inherent in phase-locked
loop (PLL)-based frequency-hopping systems, while offering
the same advantages and some additional benefits.
II. REVIEW

OF

FREQUENCY-HOPPING

A general review of a conventional frequency-hopping
approach is useful before the introduction of the alternative,
which is presented in this paper. Fig. 1 shows the block diagrams of a typical frequency-hopping transmitter and receiver.
In the transmitter, a pseudorandom hopping code is used to
control the output frequency of a PLL-based synthesizer. The
carrier is then modulated with a data signal and transmitted. An
example of a hopping signal (frequency versus time) is shown
in Fig. 2. In the receiver, an identical copy of the hopping
pattern plus an IF-offset is subtracted from the incoming signal
in the frequency domain (i.e., by mixing). If the received
signal is the desired one, and the transmitter and the receiver
are properly synchronized, the result of the subtraction is
the FM carrier modulated with the data and centered at the
IF. As the output will only contain significant energy at the
desired IF if the transmitter and the receiver codes are wellcorrelated, frequency-hopping presents an opportunity for the
use of CDMA. In frequency-hopped CDMA, each user in
the system is assigned a specific frequency-hopping code. If
the different codes used have low cross correlation, several
users can occupy the same frequency bandwidth with only a
gradual degradation in the signal-to-noise ratio (SNR) in the
receiver of each user [2]. Since the carrier is regularly being
hopped in frequency, frequency-hopping provides resistance
to stationary interference and multipath fading. The degree of
effectiveness of a particular frequency-hopping system for a
given transmission channel depends on several factors, such as
the hopping rate, the size of the hops, and the number of data
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Fig. 2. Frequency-hopping: Frequency versus time.

Fig. 1. A frequency-hopping spread-spectrum system.

symbols transmitted during each hop interval [4]–[6]. If the
number of data symbols transmitted during a hop interval is
less than or equal to unity, the process is called fast frequencyhopping. In fast frequency-hopping, a high level of redundancy
is present because there can be several hops/data symbol. This
means that even if some of the hops are not properly received,
due to interference or fading, there is still enough information
available by using diversity combining techniques to make a
correct symbol decision. The number of hops taken/symbol
interval is known as the order of diversity [7]:
(1)
is the data symbol duration and
is the hop
where
duration. The above equation is given under the assumption
that the frequency separation between any two successive hops
is large enough that the channel degradations encountered
by the two carriers are statistically independent. Two main
problems encountered in PLL-based frequency-hopping are
spectral splatter, and transient mismatch between the transmit
and the receive synthesizers [8]. During a hop transient,
shown in Fig. 3, a simple frequency-hopping system has no
control over the transmitted frequency spectrum, and many
undesired frequency components are present in the output of
the transmitter. This phenomenon is known as spectral splatter
and results in a loss of useful transmitter energy during each
hop, as well as adjacent channel interference. Additionally, if
there is a mismatch in the hopping transient of the receive
synthesizer from that of the transmit synthesizer, bursts of

Fig. 3. Hop transient.

frequency error occur in the receiver IF at the hopping rate,
producing an overall degradation in the receiver SNR. Some
common solutions used to reduce spectral splatter and the
effects of synthesizer mismatch are voltage-controlled oscillator (VCO) pretuning [8], “ping-ponging” multiple synthesizers
[8], and transient hop interval dwell and guard times [9]. These
methods are briefly reviewed here.
VCO pretuning makes use of a digital-to-analog converter
(DAC) and a summing block placed in the synthesizer PLL
between the loop filter and the VCO of both the transmitter and
the receiver. When a hop occurs, the VCO control voltage is
changed directly, as well as the normal loop frequency control,
in a coordinated manner to reduce the effects of transient
mismatch. As the DAC and summing blocks are outside of the
loop, the output frequency of the synthesizer can be changed
very rapidly, and the loop catches up afterwards, removing
residual error.
A frequency-hopping system that “ping-pongs” two synthesizers in both the transmitter and the receiver can be
designed. When one frequency is being transmitted, the second
synthesizer is preset to the next hop frequency. To transmit the
next frequency in the hopping sequence, the two synthesizers
are exchanged (ping-ponged), eliminating the effects of PLL
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Fig. 5. Interpolated frequency-hopping: Frequency versus time.

Fig. 4. An interpolated frequency-hopping spread-spectrum system.

transient error and increasing the potential hopping rate, but
making phase-coherence very difficult to achieve.
Transient guard and dwell times, as shown in Fig. 3, are
often employed in frequency-hopping systems to avoid the
effects of IF error. During a frequency hop, the IF signal
is not sampled at the receiver until the loop transients have
settled out. Since the IF contains no frequency error during
the sample (dwell) time, the received data is not corrupted.
In some systems, the transmitter output power is turned off
during the guard times in order to reduce the spectral splatter
produced by the hop transients.
The above solutions, though effective, lead to higher system
complexity and cost or a reduction in effective data-sampling
time that increases the receiver bit error rate (BER). The
alternative approach of this paper, by making the hops occur
smoothly, allows the sampling to occur throughout the entire
hop, and thus results in a lower BER.
III. INTERPOLATED FREQUENCY-HOPPING
IFH, introduced in this section, provides an alternative
solution to the problems encountered in simple frequencyhopping, replacing analog complexity with digital complexity,
which is a good tradeoff for very large scale integration
(VLSI). A block diagram of a possible implementation of an
IFH system is shown in Fig. 4 for the transmitter and the
receiver. The differences between the system presented there
and a standard frequency-hopping system are the inclusion
of a digital filter placed between the hopping-code generator

and the synthesizer-control word input in both the transmitter
and the receiver, as well as differences in the digital-signalprocessing (DSP) to be performed on the discriminator output
in the receiver.
In the system of Fig. 4, the hopping-code generator generates a series of binary numbers that represent the desired
output frequencies, which are interpolated by the digital filter
and sent to the synthesizer control input. An example of the
output signal (frequency versus time) for an IFH transmitter
is shown in Fig. 5. The frequency scale corresponds to that in
an experimental validation to follow.
A closer look at the transient error mechanism in the
synthesizer will help to define IFH. Fig. 6 shows the block
diagram of a fractional- PLL frequency synthesizer. The
output frequency of the loop is controlled by changing
the
average division ratio of the divider, which consists of both an
integer and a fractional part [10]. Although the divider control
input is digital, for the purposes of simplicity and convention,
the dynamics of the PLL are modeled as a continuous time
system. Assuming that
is the normalized instantaneous
frequency input to the synthesizer (i.e., The Fourier transform of instantaneous frequency), the instantaneous frequency
output,
is

(2)
where
is the reference frequency,
is the closed-loop
transfer function of the PLL from the digital control input to
the VCO output, is the integer portion of the average divider
division ratio, and
is the continuous time equivalent of the
digital frequency control word applied to the synthesizer input.
For the frequency-hopping transceiver shown in Fig. 1, if
is the hopping code and no data is applied to the
modulation input of the system, then for the transmitter, the
output frequency is given by
(3)
and for the receiver the synthesizer output frequency is given
by
(4)
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Fig. 6. Fractional-
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PLL frequency synthesizer.

where
and
are the transmitter and the
receiver PLL closed-loop transfer functions, respectively, and
is the IF frequency.
In the receiver, assuming perfect-code phase synchronization, the IF output, in the absence of data modulation, is given
by
(5)
where the closed-loop transfer functions of the synthesizare related to their open-loop transfer functions,
ers,
by
(6)
Then, substituting (6) into (5), the IF output becomes
(7)
where

is the IF output signal, and
and
are the transmitter and receiver PLL open-loop
transfer functions, respectively.
The instantaneous frequency error present in the IF output
is the difference between (7) and
given by
(8)

SNR

SNR

The above equation shows that if the open-loop transfer
functions of the two synthesizers are identical, or if the openloop gains are infinite, the IF error will be zero. The effects
of PLL mismatch are smaller for input frequencies, much
lower than the PLL corner frequency, and increase as the input
frequency approaches the loop-corner frequency.
We will now assume that the modulated data has been
linearly added (in frequency) to the transmitted signal, as
shown in Fig. 1, and comes through linearly, in the absence of channel degradations and other sources of noise
and distortion, to the input of the frequency discriminator.
Assuming the discriminator characteristic is perfectly linear
(taking into account discriminator nonlinearities would only
confuse the issue), (8) represents a degradation of the received
IF introduced by incomplete despreading of the pseudorandom
hopping sequence
, due to synthesizer mismatch. The
best-case SNR of the received baseband signal is then given
is the
by (9), shown at the bottom of the page, where
transmitted data, is the discriminator characteristic in V/Hz,
and BW is the frequency bandwidth of interest. By filtering
the hopping code prior to the synthesizer input, it is possible
to reduce the high-frequency components of the transmitted
signal, and thus, to minimize the PLL mismatch error.
Assuming that the interpolation filter, being digital, is identical in both the transmitter and the receiver, and following the
same derivation as before, the IF error for IFH is given by

(10)
is the continuous time equivalent transfer function
where
of the digital interpolation filter. Therefore, using the same
assumptions as for frequency-hopping, and including the effects of the interpolation filter transfer function
we can
derive (11), shown at the bottom of the page.
The end result of filtering the hopping code prior to the
synthesizer control input is the effective low-pass filtering
of baseband receiver distortion generated by PLL mismatch,
increasing the received SNR. The degenerate case, where
was given by (9). Thus in IFH the carrier signal
moves continuously and smoothly in frequency, and there

(9)

(11)
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are no bursts of frequency error present in the IF output at
the code rate. The PLL synthesizer must continuously track
the input frequency, resulting in low levels of frequency
error being translated to the IF output. Provided that the
frequency error is small enough to maintain an adequate
SNR in the receiver, valid data is available at all times,
improving performance if the receiver makes use of the whole
symbol period in its processing. The smooth carrier movement
may also help to reduce the complexity and improve the
performance of the hardware required to synchronize the
received and the locally-generated codes, since the code phase
information is available to the receiver at all times and not
just during the hop intervals. A more thorough analysis of
the properties of IFH transmission, including the effects of
frequency collisions between users in CDMA applications and
receiver-code synchronization, would be required for future
applications.
A rigorous theoretical analysis of the improvements
achieved in the spectral purity of the despread IF and
the BER in the receiver, through the use of IFH, would
probably be impractical, due to the large number of variables
involved and the simplifying assumptions that would have to
be made. Unlike standard frequency-hopping, the carrier in
IFH is continuously moving and the assumption that carrier
movement during frequency changes can be ignored, which
is generally used in frequency-hopping analysis, is no longer
valid, making the analysis much more difficult. Instead, the
tradeoffs involved in the design of an IFH transmitter are
identified in the following paragraphs, and a case study, which
makes use of computer simulations and experimental results
obtained from a hardware implementation of an IFH system,
is presented in order to validate the claims made.
As indicated in (11), the frequency error during interpolated
hopping can be minimized by lowering the frequency content
of the hop code. This can be done by lowering the hopping rate
relative to the loop bandwidth, and through digital interpolation. The improvement achieved through filtering the hopping
code will diminish as the code rate approaches or exceeds
the loop bandwidth. Increasing the loop bandwidth of the
synthesizers, relative to the hopping-code rate, and carefully
matching the loop filters will help. The size of the frequency
steps will also have an effect on the transmission properties.
Using large frequency deviations and pulse-shaping for carrier
FM data modulation will help to increase the baseband SNR.
The smoothness of the step response of the digital filter is
important, as it will partially determine the transient response
of the synthesizer to a frequency step. While a narrower
filter bandwidth, relative to the PLL corner frequency, provides better transient matching between the transmit and
the receive synthesizers, it may also reduce the amount of
frequency-spreading achieved, depending on the hopping rate.
This presents the designer with a tradeoff between transient
matching and frequency diversity. That is, a constant relationship between the hopping rate and the filter bandwidth must
be maintained in order to achieve frequency diversity. One
method of maintaining the original frequency deviations of the
hopping code is to use a filter with an impulse response, which
has a zero crossing at the period of the hopping rate, such as a
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raised-cosine pulse. While using a raised-cosine pulse would
guarantee that every frequency in the hopping code would be
achieved by the synthesizer, computer simulations performed
show that a Gaussian pulse-shape with a BT, (filter bandwidth
divided by data rate) ranging from 0.3–0.5, can provide better
spectral characteristics, while maintaining most of the desired
hop frequencies. Optimal pulse-shapes for use in IFH are the
subject of ongoing research, and many possibilities exist.
IFH should have a diversity order that is at least as high
as that obtained through the use of a comparable conventional frequency-hopping system. Therefore, (1) can be used
to obtain a rough estimate of the diversity order that can
be achieved for a given IFH system. It should be noted
that for IFH, because the carrier is continuously moving in
frequency, it is difficult to define a specific order of diversity
as the transmission can no longer be discretely separated into
resolvable paths.
IV. SIMULATION AND LABORATORY RESULTS
An initial MATLAB simulation of simple hopping and the
equivalent IFH transmission was performed for ten frequency
steps in the frequency range of the experiment, assuming a
synthesizer loop filter component mismatch of 10% (this is a
reasonable assumption if typical components are used) and a
noiseless system. Here, “simple” means no guard times, “pingponging,” etc. The simulations were performed using an array
of points, which represented the digitally filtered frequency
deviations. This array was then filtered by a mathematical
representation of the PLL closed-loop transfer function. The
loop filter transfer function used was an integrator with phaselead correction, and the closed loop PLL bandwidth was
100 kHz. An array was created for both the transmitter
and the receiver outputs, and a mismatch was introduced
between the two PLL transfer functions. Despreading was
achieved by subtracting the filtered transmit and receive arrays.
The remainder represents the frequency error present, due to
incomplete despreading.
The interpolation filter used for code-smoothing was a
Gaussian low-pass filter with a corner frequency of 3.25
kHz (BT 0.325) and double-precision tap coefficients. This
filter was chosen for the purpose of demonstrating a proof of
concept. While it is not necessarily the optimal filter, computer
simulations were performed to ensure that it improved matching between the two synthesizers and maintained most of the
original frequency-spreading desired. Also, Gaussian pulses
are easy to generate and their properties are well known.
The simulated frequency versus time plot for the transmitted signals are shown in Fig. 7 for the two alternatives.
The increased smoothness of the carrier movement for IFH
transmission is clearly seen from the plot. Fig. 8 is a plot of
the simulated instantaneous IF frequency error, assuming ideal
mixing, for the frequency steps shown in Fig. 7. As predicted,
the IF frequency error present in simple frequency-hopping
transmission takes the form of sharp bursts occurring at the
10 kHz code rate. For IFH, these error bursts are replaced
by a low-level, almost constant frequency error, as Fig. 8
demonstrates.
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Fig. 7. Simulated frequency versus time display for both hopping methods.

Fig. 9. Laboratory test setup.

Fig. 8. Simulated IF error for both hopping methods.

Laboratory measurements of the relative IF quality obtained
through simple and IFH transmission were obtained using
the setup shown in Fig. 9. The fractional- synthesizers (Tx
and Rx) were controlled by single-bit bitstreams, which were
noise-shaped using – techniques [10], [11]. Note that
as defined in (7), now contains – quantization noise
as well as the hopping sequence. Hopping-code generation,
code interpolation, and – quantization were performed in
nonreal time using software running on a PC workstation, and
fed to the system in real time using the bit generator shown.
The fractionalsynthesizers were implemented at the
printed circuit board level and incorporated with a modulus
extension circuit, allowing division ratios between 80 and 85
to be used, for a reference frequency of 10 MHz. The center
frequencies of the transmitter and the receiver synthesizers
were chosen to be 811 and 809 MHz, respectively, with a
spreading bandwidth of 5 MHz. This allowed an IF center
frequency of 2 MHz to be chosen in order to take advantage
of the narrow resolution bandwidth of the 40 MHz bandwidth
spectrum analyzer (HP3585A) used, although the implemented
transceiver would have a much higher IF frequency to resolve
problems, such as image rejection.

An array of 1024 frequency points uniformly distributed
between 625 kHz was created and superimposed on a triangular waveform with a repetition time of 102 mS. Individual
hop sizes varied from 9.765 kHz to 1.250 MHz and the
code rate was 10 kHz. Although the triangular waveform
used is a nonstandard frequency-hopping code, it provided a
uniform frequency distribution, and substantial simplification
to the interpolation filter. In order to allow the measured and
simulated results to be compared, the interpolation filter used
for code-smoothing was again a Gaussian low-pass filter with
a corner frequency of 3.25 kHz.
Two stored sequences of
-bits obtained from the simulation of the – modulator were used in real time to control
the multimodulus dividers of the transmit and the receive
synthesizer boards. A plot of the measured frequency versus
time characteristic for IFH transmission for the triangularcoding waveform was obtained using a time-interval analyzer
and is shown in Fig. 10. The time-interval analyzer does not
have the measurement resolution required to view individual
frequency hops, and because of this, the plot for IFH transmission appears to be identical to the one obtained for simple
frequency-hopping, which therefore is not shown here.
A plot of the measured IF spectrum for transmission using a
stationary carrier is shown in Fig. 11, and is included here for
reference purposes to give an indication of the spectral purity
of the synthesizers. The absolute power level of the IF center
frequency is 0.1 dBm. A plot of the measured IF spectrum,
including both simple frequency-hopping and IFH, is shown
in Fig. 12.
For simple frequency-hopping it can be seen that the IF in
Fig. 12 contains a high-level of phase noise and a series of
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Fig. 10.
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Measured frequency sequence for interpolated frequency-hopping.
Fig. 12. Measured IF spectrum for frequency-hopping and interpolated frequency-hopping.

Fig. 11.

Measured IF spectrum for stationary carrier transmission.

nulls and spikes occurring regularly at 10 kHz spacings from
the center frequency. If the transmitter and receiver synthesizers were identical, this distortion would not be present in
the IF. However, in a real system, identical transient response
between two synthesizers is impossible to achieve. Because
of this, an attenuated version of the hopping code is present
in the receiver IF. The hopping code is slightly unbalanced
(i.e., contains an unequal number of ones and zeros), resulting
in the spikes present in the IF spectrum. If the code length
was infinite, the hopping would be nondeterministic in nature,
and the IF spectrum would have a continuous
form.
However, the code used in the laboratory has a finite length
and repeats every 0.1 s. The simple hopping IF spectrum is
actually made up of discrete frequency components present
at 10 Hz spacings, the repetition rate of the hopping code.
These components are not visible in Fig. 12 because they
are narrower than the resolution bandwidth of the spectrum
analyzer. The absolute power measured for simple frequencyhopping at the IF center frequency is
dBm. This shows
that about 3.7 dB of transmitter output power is lost due to
spectral splatter, when compared with the stationary carrier
case shown in Fig. 11.
The plot of the IF frequency spectrum measured for IFH
in Fig. 12 shows a sharp reduction in phase noise when
compared to simple hopping, and the nulls and spikes are

Fig. 13. Simulated IF spectrum for both hopping methods (10% PLL component mismatch).

almost completely eliminated. The absolute power measured
at the IF center frequency is
dBm, showing a 1.9 dB
reduction in spectral splatter over simple frequency-hopping.
Fig. 12 can be compared to Figs. 13 and 14, which show the
simulated IF frequency spectrums for both simple frequencyhopping and IFH, obtained in MATLAB, for the same code
sequence used in the laboratory measurements. Fig. 13 shows
the simulated IF spectrum for both simple hopping and IFH
when – quantization noise and a 10% component mismatch
between the loop filters is considered. The results obtained
in the laboratory are almost identical to the simulated results
except for an increase in the noise floor and other small
discrepancies. Because it is almost impossible to fully characterize the mismatch between the two PLL boards used in the
laboratory, the simulation results are not completely identical
to those obtained in the laboratory.
Fig. 14 shows the simulated IF spectrum for both simple
hopping and IFH when the natural frequency of the loop filter
in one of the synthesizers is reduced by a factor of four,
compared to the other. It can be seen that the quality of the
IF spectrum is degraded when compared to the one shown in
Fig. 13, particularly for close-in phase noise (i.e., within 50
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Simulated IF spectrum (loop natural frequency mismatch of 4 ):

Fig. 16. An interpolated frequency-hopping spread-spectrum transceiver system.

Fig. 15.

Demodulated FSK eye diagram.

kHz of the IF). This would seem to indicate that except for
normal component variations, the two synthesizers used in the
laboratory are fairly well-matched. In order for IFH to work
well, the synthesizers used should be carefully matched.
The system has been initially tested with FSK data modulation at a symbol rate of 78 kb/s, frequency deviations of
500 kHz, and Gaussian pulse-shaping. This was done with
the same laboratory setup as in Fig. 9, with pseudorandom
data generated in software. The received eye diagram is shown
in Fig. 15, and indicates that transmission of data using IFH
is viable. Experimental work has also been presented, using
various hopping rates and frequency deviations, which shows
that receiver BER’s can be lowered through the use of IFH
compared to standard frequency-hopping [12].
V. PROPOSED SYSTEM
A proposed architecture for an RF transceiver that employs
IFH transmission is shown in Fig. 16. The block diagram
is similar to a typical FM system with some additional
components included for code generation and filtering, as well
as for phase-synchronization of the received and the locally-

generated codes. The transmitted carrier signal is frequencyshift keying (FSK) modulated. The data is filtered prior to
its addition to the IFH carrier in order to improve its spectral
characteristics. Although baseband processing is not covered in
this paper, it is well-known that the use of bandwidth efficient
data modulation improves the performance of a frequencyhopping system [13].
In the receiver side of Fig. 16, the received signal is downconverted to an IF by mixing it with a copy of the transmitted
code produced by the Rx synthesizer. In order to obtain the
full benefit of IFH, it is necessary to process the IF signal
over the whole symbol period, implying a high-sampling
rate or continuous-time integration. A frequency discriminator
has recently been demonstrated [11], [14], [15], which can
accept an FM signal at a relatively high IF and produce a 1bit frequency-to-digital conversion at high-oversampling rates
through – techniques [16]. The discriminator is well-suited
for data signals that contain large frequency deviations, such as
might be used in IFH, and is indicated as a block in Fig. 16. A
fully integrated – frequency discriminator has been tested
[15] and PCB implementations also exist [11]. The output 1-bit
digital bitstream,
has an average density of ones which
is proportional to the frequency deviation of the input signal.
This represents the baseband data and channel phase noise as
well as an error signal directly related to the phase difference
between the received and local codes. The DSP block of the
transceiver is used to extract the error signal and to decimate
the output of the discriminator. The error signal is then used
as feedback to control the phase of the PN-code generator

FILIOL et al.: INTERPOLATED FREQUENCY-HOPPING SPREAD-SPECTRUM TRANSCEIVER

clock for fine-time code tracking. One possible method for
acquisition of the IFH signal is to place a matched filter in
parallel with the input signal path, as shown in Fig. 16. This
filter produces a correlation peak when a short sequence of
hops, part of the larger sequence transmitted, is detected. In
order to use an analog matched filter for acquisition, the carrier
would probably first have to be down converted to an IF
frequency, since high-frequency matched filters are difficult to
design. The resulting signal is used by the DSP block to set the
local-code generator to the starting ROM address. This method
of coarse synchronization provides the system with the fast
acquisition times that are required in mobile radio applications.
Since in the transmitter, the data clock is derived from the
clock that drives the code-interpolation filter, once code phasesynchronization is achieved in the receiver, data-timing is also
recovered.
The – frequency synthesizer used in both the transmitter and the receiver side of Fig. 16 is a fractionalPLL synthesizer similar in construction to the one shown
in Fig. 6, with the addition of a digital – modulator.
The input to the modulator is a -bit wide digital control
word, which represents the desired instantaneous frequency
output of the synthesizer. The modulator converts this into
a binary bitstream, whose average density of ones represents
the required division ratio. High-frequency resolution and lowphase noise levels are obtained through oversampling, the
noise-shaping properties of the – modulator [16], and
additional filtering by the PLL.
The receive synthesizer in Fig. 16 would be modulated
with the interpolated hopping code, at the local oscillator
(LO) frequency. The transmit synthesizer in Fig. 16 would be
modulated with the IFH code as well as the transmitted data,
at the RF. It would be possible, in an alternate realization
of the transceiver, to share a single synthesizer for both the
Tx and the Rx function, modulated only with the interpolated
hopping code. A mixer would then be required in the Tx
path. An experimental demonstration of the transmitter path
has recently been presented [17], for GMSK signals, which
gives an efficient embodiment of the digital interpolation filter
assumed for the hopping-code generator.

VI. CONCLUSIONS
In order to meet the increasing demands on system designers imposed by mobile radio environments, use of spreadspectrum transmission methods for commercial applications
is being considered. One of the common forms of spreadspectrum, PLL-based frequency-hopping, performs well in
such environments but suffers from problems, such as spectral
splatter and IF error produced by PLL synthesizer mismatch,
which reduce system efficiency and performance. These problems are usually controlled using VCO pretuning, multiple
synthesizers, or transient guard and dwell times. In this paper,
IFH has been presented as another solution to the problems of
reducing spectral splatter and IF error, as well as providing the
receiver with a continuous stream of data that can be sampled
over the entire symbol interval by oversampling techniques,
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such as the – frequency discriminator discussed, giving an
opportunity for improvements in the received IF power.
Interpolation of the hopping code is used to reduce the highfrequency content of the hopping steps, thereby reducing the
PLL phase error. The result of this filtering is a carrier that
moves smoothly and continuously in frequency. Preliminary
laboratory tests show that IFH reduces spectral splatter by
almost 2 dB, and greatly reduces phase noise in the receiver
IF, when compared to simple frequency-hopping.
The possibility may exist to use higher code rates for a
given synthesizer with IFH than could be used with simple
frequency-hopping. This is because IFH produces constant
phase error, which increases with the code rate. As the code
rate increases, the SNR of the receiver will decrease proportionally, and eventually, reception will become impossible. In
simple frequency-hopping, as code rates begin to approach
the loop settling time, dwell times become unusable and
reception also becomes impossible. This transition should be
more gradual with IFH than hopping. There may exist a point
where reception with IFH is still possible when reception
with conventional frequency-hopping is not. Further research
is needed to determine if this is the case.
By shaping the frequency-hopping through the use of a digital interpolation filter, we have increased the digital complexity
of the system, but have reduced the analog problems. As
VLSI technologies continue to progress, this kind of tradeoff
becomes increasingly favorable to the approach presented here,
particularly for applications requiring low-power consumption
and small size.
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