D
A

1752

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. COM-27, NO. 12, DECEMBER 1979

A Comparison of Modulation Techniques for Digital Radio

JOHN D. OETTING, MEMBER. [EEE

Abstract—This paper describes and summarizes the characteristics of
the modulation techniques most applicable to digital radio. The modulation
techniques discussed are on-off-keying (OOK) with coherent and
noncoherent detection, quadrature amplitude modulation (QAM),
quadrature partial response (QPR), frequency-shift-keying (FSK) with
noncoherent detection, continuous phase FSK (CP-FSK) with coherent and
noncoherent detection, minimum-shift-keying (MSK), binary and
quaternary phase-shift-keying (BPSK, QPSK) with coherent and
differentially coherent detection, offset-keyed QPSK (OK-QPSK), M-ary
PSK with coherent detection (M = 8, 16), and 16-ary amplitude and
phase-shift-keying (APK). Functional descriptions of these schemes are
provided and their performance is compared in a series of tables
summarizing the results of the literature of the past 20 years. The
modulation schemes are compared with respect to ideal (white Gaussian
noise) performance, spectral properties, signaling speed, complexity, and
the effects on performance of interference, fading and delay distortion.

I. INTRODUCTION

HE crowded conditions prevailing in many regions of the

radio spectrum combined with the increased emphasis on
digital transmission have created a need for improved spectrum
utilization techniques. The intelligent application of efficient
digital modulation techniques provides one means of achieving
improved spectral efficiency at a reasonable cost. This survey
identifies and describes some of the more important modula-
tion schemes applicable to digital radio, including some that
have been developed in recent years and are not discussed in
the classic textbooks. This paper should be of interest to any-
one involved in communications planning and communications
system engineering.

Much previously published material has been devoted to
comparing the performance of digital modulation methods. In
many cases, comparisons were limited to one performance cri-
terion (e.g., performance in a restricted band [26], spectral
occupancy [76], effects of phase distortion [116], or cross-
talk [118, 115]). In other cases {77, 98, 165, 192], relatively
few modulation schemes were considered. This paper presents
an up-to-date comparison of the modulation methods of par-
ticular applicability to digital radio channels, and provides an
indexed bibliography for readers interested in greater depth.

Section II provides functional descriptions of the modula-
tion schemes considered to be representative of the techniques
appropriate for digital radio applications. Section Il summar-
izes the performance characteristics of the representative
modulation schemes by means of a series of tables together
with source references where complete detaitsan be found.
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The modulation schemes are compared with respect to ideal
performance, spectral properties, signaling speed, complexity
and the effects on performance of interference, fading and
delay distortion.

II. DESCRIPTIONS OF THE REPRESENTATIVE
MODULATION SCHEMES

There are- three basic modulation techniques: amplitude
modulation (AM), frequency modulation (FM), and phase
modulation (PM). Each of these basic techniques has a large
number of variants, the most relevant of which will be dis-
cussed briefly in this section. In recent years hybrid schemes
(e.g., amplitude-and-phase-shift-keying—APK) have received
increased attention because of their inherent economical use
of bandwidth. Therefore, 16-ary APK is included as being rep-
resentative of this large class of modulation techniques [177].

The primary components of a system for transmitting digital
data over a radio channel are illustrated in Figure 1. All of the
digital modulation schemes discussed in this paper can be con-
ceptualized in terms of radio frequency sinusoids (carriers)
modulated by low frequency (baseband modulation) signals
that convey the digital information. These baseband modula-
tion signals may be filtered, weighted, or otherwise shaped
prior to modulating the carrier in order to achieve desirable
results. At the receiver, the baseband information is recovered
by a detection process. Coherent detection requires a sinusoidal
reference signal perfectly matched in both frequency and
phase to the received carrier. This phase reference may be ob-
tained either from a transmitted pilot tone or from the modu-
lated signal itself. Noncoherent detection, being based on
waveform characteristics independent of phase (e.g., energy or
frequency) does not require a phase reference.

Usually, detection is followed by a decision process that
converts the recovered baseband modulation signal into a se-
quence of digital bits. This process requires bit synchroniza-
tion, which is generally extracted from the received waveform.
With most modulation schemes, decisions can be made on a
bit-by-bit basis with no loss in performance, but with some
schemes an advantage can be gained by examining the signal
over several bit intervals prior to making each bit decision.
The portion of the received waveform examined by the de-
cision device in making a single bit decision is called the ob-
servation interval.

Amplitude Modulation (AM) Techniques

The simplest digital AM technique is double sideband (DSB)
AM [79, pp. 173 ff] modulated by a binary signal. The double
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sideband waveform is represented as:

A
fDSB(t)=5' [1+m(®] cos w,t 1)

where m(t) is the modulating signal and w, is the carrier fre-
quency (in radians per second). For the case of 100 percent
modulation by a non-return-to-zero (NRZ) binary data wave-
form (m(¢) = £1), we have on-off-keying (OOK) modulation.
Such an OOK waveform can be detected either coherently or
noncoherently, but the difference in performance is slight
compared to the required increase in complexity so that co-
herent detection of OOK is not employed over radio channels.
The properties of the DSB waveform can be modified by re-
placing the NRZ m(t) by some other type of binary baseband
signal® (e.g., the “partial response” signal [18, 20, 34]).

Since the carrier conveys no information, efficiency can be
improved by the use of double sideband suppressed carrier
(DSB-SC) AM. The general form of the DSB-SC signal is:

fsc(®) =A m(z) cos w,t. )
For the case where m(¢) takes on the values 0 and 1, we have
the OOK situation described in the previous paragraph. When
m(t) takes on the values —1 and 1, we have the case of binary
phase-shift-keying (PSK), which will be discussed under PM
techniques.

Both DSB techniques involve the transmission of a redun-
dant sideband. For applications in which spectral efficiency is
important, the occupied bandwidth can be reduced by a factor
of two by the use of single sideband (SSB) modulation. The
SSB signal can be written as:

fssp(t) = A[m(t) cos w.t + m( £) sin w, 1] 3)
where m(z) is the Hilbert transform [79, p. 31] of m(¢). In
practice, SSB signals are usually generated by the use of a
bandpass filter to suppress the upper or lower sideband. The
sharp cutoff characteristic required for the bandpass filter pre-
sents implementation problems. Thus, a bandpass filter with
smooth roll-off is often used. This procedure results in a vestig-
ial sideband (VSB) signal [79, p. 192].

Quadrature Amplitude Modulation (QAM) is yet another
AM alternative. This technique involves summing two DSB-SC
signals 90° apart in phase as follows:

Faam(@®) = A[my() cos w,t + mg(t) sin wet].

4

1 Radios designed for analog AM transmission are sometimes used to
transmit digital signals. These radios distort the digital signal through in-
efficient high frequency or low frequency signal response. Occasionally,
other distortions are deliberately introduced to improve spectral per-
formance at the expense of communications efficiency.
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When mg(¢) is the Hilbert transform of m;(f), QAM reduces to
SSB. When mi;(¢) and mg(f) are independent binary data sig-
nals, QAM is as efficient in required power and bandwidth as
ideal SSB without the stringent filtering requirements. If my(r)
and mgq(t) are threelevel duobinary signals (+1, —1 or 0)
coded in such a way as to minimize intersymbol interference
caused by filtering, the result is quadrature partial response
(QPR), which has been proposed for use in the Canadian 8
GHz frequency band [178]. All of these techniques require
coherent detection. Any phase tracking errors that occur result
in interference between the / and Q channels, thereby degrading
performance.

When my(¢) and mg(¢) take on the values 1, QAM is iden-
tical to quaternary phase-shift-keying (QPSK) discussed in the
section on phase modulation techniques. These two techniques
will differ, however, when m;(r) and mg(¢) are not rectangular
pulses.2

Frequency Modulation (FM) Techniques

The simplest FM technique is frequency-shift-keying (FSK)
involving binary signaling by the use of two frequencies separ-
ated by Af Hz, where Af, the frequency deviation, is small
compared to the carrier frequency, f,,. With FSK schemes, it is
common practice to specify the frequency spacing in terms of
the modulation index, d, defined as:

d=AfT 5)
where T is the symbol duration (equal to the inverse of the
data rate for binary schemes).

As with other modulation schemes, FSK can be detected
either coherently or noncoherently. Noncoherent detection
can be effected by two bandpass filters followed by envelope
detectors and a decision device [79, p. 297]. With this ap-
proach, the frequency spacing must be at least 1/7(d > 1)to
prevent significant overlap of the passbands of the two filters.
Alternately, a discriminator can be used to convert the fre-
quency variations to amplitude variations, so that AM enve-
lope detection can be employed [82]. This approach elimi-
nates the above constraint ond.

Recently, considerable interest has arisen in modified ver-
sions of FSK, including some coherent schemes. These schemes
are based on the idea of continuous phase FSK (CP-FSK), in
which the abrupt phase changes at the bit transition instants
characteristic of other FSK implementations are avoided. This
implementation of FSK results in rapid spectral roll-off and
improved efficiency. The improvement is attained by the use
of observation intervals greater than one bit [1, 40] . This fea-
ture enables narrower filter bandwidths than would otherwise
be feasible. With coherent detection, values of d in the neigh-
borhood of 0.7 have been shown to provide optimal perform-
ance for any observation interval [123].

Another FM technique that has received considerable in-
terest in recent years is minimum-shift-keying (MSK), also
called fast frequency-shift-keying. MSK is a special case of

2 Nonrectangular pulses can be employed to eliminate abrupt transi-
tions in the modulated waveform, thereby improving spectral character-
istics and easing transmitter implementation.
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CP-FSK for which d = 0.5 and coherent detection is used. This
technique achieves performance identical to coherent PSK and
exhibits the superior spectral properties of CP-FSK. MSK has
the additional advantage of the possibility of a relatively sim-
ple self-synchronizing implementation [59], an advantage that
coherent CP-FSK with d = 0.7 does not share.

Phase Modulation (PM) Techniques

Almost by definition, digital PM schemes require coherent
detection. There are three basic variations of binary phase-shift-
keying (BPSK). The most straightforward approach is coherent
BPSK, in which the carrier phase is shifted by 0 or 180 degrees.
Detection requires a precise phase reference, which is normally
obtained by performing a nonlinear operation on the received
waveform. Since some phase reference extraction techniques
exhibit 180° phase ambiguities, a modified form of PSK called
Differentially Encoded PSk (DE-PSK) is often used. With DE-
PSK, information is conveyed via transitions in carrier phase
(e.g., no transition may correspond to a space and a 180°
transition may correspond to a mark). Since a bit decision er-
ror on the current bit will induce another error on the sub-
sequent bit, the performance of DE-PSK is slightly inferior to
that of coherent PSK. ,

The third version of binary PSK is Differential PSK (DPSK),
in which, as with DE-PSK, the information is differentially en-
coded. The difference between DPSK and DE-PSK lies in the
detector. With DPSK, no attempt is made to extract a coherent
phase reference. Rather, the signal from the previous bit inter-
val is used as a phase reference for the current bit interval.
Since the phase reference signal is not smoothed over many bit
intervals, the performance of DPSK is somewhat worse than
that of DE-PSK.

Quaternary PSK (QPSK) schemes will also be considered.
Coherent QPSK involves encoding two bits at a time into one
of four possible carrier phases spaced 90° apart. As in the bi-
nary case, the data can be differentially encoded and differ-
entially detected with a concomitant loss in performance (this
scheme will be denoted DQPSK). In recent years, a modified
version of QPSK, called offset-keyed QPSK (OK-QPSK) or
staggered QPSK (SQPSK), has come into use. This scheme
offers advantages over conventional QPSK with regard to spec-
tral efficiency, sideband regeneration and synchronization [45,
50,94, 144].

OK-QPSK can be visualized by considering the QPSK sig-
nal to consist of in-phase and quadrature components (as with
QAM). With normal QPSK, during each 2 bit time interval of T
seconds, the / carrier is binary PSK modulated by one bit and
the Q carrier is modulated by the other bit. The resulting sig-
nal can take on any one of four possible phases, and abrupt
phase transitions of 0°, 90°, or 180° can occur. With OK-
QPSK, the Q channel is shifted by 7/2 seconds with respect to
the 7 channel. The transition rules are designed so that when
the I and Q channels are added together, the resulting signal
can shift abruptly by 90° at most (but shifts can occur every
T/2 seconds, compared to every T seconds for standard QPSK).

Hybnd AM/PM Technzques
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Figure 2:  Location of 16-ary APK Waveforms in Phase-Amplitude Space

amplitude and phase-shift-keying (APK) [177]. The resulting
information signals are best visualized by a representation in a
phase-amplitude signal space. Figure 2 shows the signal space
location of each of the 16 possible transmitted signals for 16-
ary APK. Because this scheme conveys four bits of informa-
tion during each signaling interval, it has been proposed for
use over digital radio channels [176].

IT1I. COMPARISON OF REPRESENTATIVE MODULATION
SCHEMES

In this section, the modulation schemes described in Sec-
tion II are compared with respect to their performance under
a variety of conditions characteristic of digital radio channels.
A performance measure utilized throughout this section is the
baseband equivalent Eg/Ny (defined as the ratio of average
signal energy per bit to noise power spectral density, as meas-
ured at the input to the receiver) required to achieve a bit er-
ror rate of 10—4. This error rate is adequate for most general
purpose digital radio applications.

Ideal Performance

In order to establish a baseline for comparison, Table 1 pre-
sents the ideal performance of the representative modulation
techniques in the presence of additive white Gaussian noise.
References are included with each entry to facilitate obtain-
ing values of required Eg/Ny for other error rates.® Of par-
ticular interest is the fact that CP-FSK with coherent detec-
tion over a 3-bit observation interval can outperform BPSK
and other equivalent techniques (which are optimal only when
the observation interval is confined to one bit). The identical
ideal performance of QAM, MSK, and QPSK attests to their
underlying similarities, often discussed in the literature [17,
60] . Indeed, offset-keyed QAM [45], MSK, and OK-QPSK
differ only in the weighting functions applied to the 7 and Q
channels.

3 Care must be exercised to convert various SNR measures to EB/NO
and to convert svmbol error rates to bit error rates. Also. since average
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. TABLE 1
IDEAL PERFORMANCE OF REPRESENTATIVE MODULATION
SCHEMES
l TYPE MODULATION SCHEME Eg/Ng (dB)* | REFERENCE
T OOK — COHERENT DETECTION 1.4 26,77
AM | OOK — ENVELOPE DETECTION 1.9 77
QAM 84 77
QPR 10.7 19
FSK — NONCOHERENT DETECTION 125 24,27
=1
CP-FSK —~ COHERENT DETECTION 7.4 1,40
£M : .
CP-FSK — NONCOHERENT DETECTION 9.2* 1,40
MSK {d = .5) 8.4 7
MSK — DIFFERENTIAL ENCODING {d =.5) 9.4 7
8PSK — COHERENT DETECTION 8.4 1,78
DE-BPSK 8.9 22,100
DPSK 9.3 22,100
ow | OPSK 8.4 12
DAPSK 0.7 100
OK-QPSK 8.4 50
8-ary PSK — COHERENT DETECTION 1.8 57
16-ary PSK — COHERENT DETECTION 16.2 3
AM/PM | 16-ary APK 12.4 189

* FOR BIT ERROR RATE OF 104
" ASSUMES THREE-BIT OBSERVATION INTERVAL

d=FM MODULATION INDEX

Spectral Characteristics

The spectral characteristics of the modulation schiemes can
be compared in many ways. Of particular interest is the extent
to which a signal will interfere with signals in adjacent channels.
One measure of this quality is the attenuation of a signal’s
power spectrum a specified distance from the center frequency.
If, for example, we examirie the attenuation at an arbitrary
distance of 8/T Hz from the center frequency (7 is the symbol
duration), we find that with AM schemes the sidelobes are
down by about 25 dB, with PM schemes the sidelobes are
down by about 33 dB, and with continuous phase FM the side-
lobes are down by 60 dB or more.# In general, for frequencies
far from the center frequency (large (f — f,)T), the spectrum
of AM and PM signals falls off as f~2 while that of CP-FM sig-
nals falls off as f—4..

While these numbers appear to indicate a significant advan-
tage for FM schemes, they should be put in the proper per-
spective. First, the figures quoted for PM systems assume that
abrupt phase transitions occur. If phase transitions can be
made to occur more smoothly, improved spectral characteris-
tics can be achieved. Second, modifications can be made to
AM schemes. For example, Shehadeh and Chiu [105] show
that a type of continuous phase AM exhibits a spectrum that
falls off as f—%. Finally, sidelobes can always be reduced by
suitable- post modulation filtering, although a penalty in per-
formance is incurred. Thus, the spectral merits of the various
schemes can only be judged on the basis of a detailed study of
the tradeoffs between cost and performance.

Another spectral property of interest is the bandwidth re-
quired to transmit at a specified information rate. The so-
called “speed” of a modulation technique (equal to R/W, where

4 A madified vercian _nf MSK knawn ac cinnsnidal FSK (SFSK)
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TABLE 2
RELATIVE SIGNALING SPEEDS OF REPRESENTATIVE
MODULATION SCHEMES

SPEED :
TYPE MODULATION SCHEME (b/s PER Hz) | Eg/Ng (dB}* | REFERENCE
00K — COHERENT DETECTION 038 125 2%
OOK — ENVELOPE DETECTION
AM
QAM , 17 95 145
QPR 2.26 17 178
FSK — NONCOHERENT DETECTION 0.8 1.8 64
CP-FSK — COHERENT DETECTION
=7
FM
CP-FSK — NONCOHE RENT DETECTION 1.0 10.7 26
MSK (d =5} 19 9.4 44
MSK — DIFFERENTIAL ENCODING {d = .5) 19 10.4 44
BPSK — COHERENT DETECTION 08 . 94 2
DE-BPSK 08 9.9 26+
DPSK 08 106 87
QPSK 1.9 99 57
PM
DAPSK 18 1.8 165
OK-QPSK
8-ary PSK — COHERENT DETECTION 2.6 2.8 57
16-ary PSK — COHERENT DETECTION 2.9 17.2 176
AM/PM | 16-ary APK 31 13.4 176

* FORBIT ERROR RATE OF 104
T CALCULATED FROM RESULTS FOR BPSK
* DISCRIMINATOR DETECTION

d=FM MODULATION INDEX

R is the data rate and W is the IF bandwidth) is an important
figure of merit. In Table 2, we list the speeds for each technique,
together with the Eg/Ny required for a 10~ BER when the
signal is filtered at the indicated bandwidth (i.e., the degrading
effects of finite bandwidth are included). The results presented
in Table 2 were derived from many different sources, so that
slightly different filters® were used in obtaining the results,
but these figures are indicative of the results to be expécted. It
should also be notéd that, in most cases, no rigorous attempt
was made to achieve the optimum combination of speed and
efficiency.

Effects of Interference

Another factor in evaluating potential modulation schemes
for digital radio is the effects of co-channel and adjacent chan-
nel interference. We have already discussed one aspect of adja-
cent channel interference—the out-of-band attenuation of the
various schemes. It was pointed out that MSK and the other
CP-FSK schemes enjoy a large advantage over the AM and PM
schemes, when no post-modulation filtering is employed.
Another aspect of adjacent channel interference is the amount
of performance degradation caused by a specified level of in-
terference. Table 3 illustrates the effect of an in-band CW in-
terferer (10 dB or 15 dB down in power from the desired sig-
nal) on the Eg/Ny required for a 10—¢ BER. This situation
can be a model either for interfering sidelobes from adjacent
channels or for the main lobe from a co-channel interferer. Of
the schemes for which data are available, noncoherent FSK
and BPSK show the least degradation from ideal performance,
while the 8-ary and 16-ary schemes exhibit the most degrada-
tion (compare to Table 1). Unfortunately, no analytical or

5 In_most_cases. a_simple three-nole filter or a Gaussian filter was
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TABLE 3
PERFORMANCE OF REPRESENTATIVE MODULATION SCHEMES
IN THE PRESENCE OF CW INTERFERENCE

Ep/Ng REQUIRED" _
TYPE MODULATION SCHEME S/I=10dB | S/1=15dB | REFERENCE
00K — COHERENT DETECTION
00K ~ ENVELOPE DETECTION ~20 14.5 70
AM
QaM
QPR
FSK — NONCOHERENT DETECTION 14.7 13.3 a1
. =1)
CP-FSK ~ COMERENT DETECTION
M CP-FSK — NONCOMERENT DETECTION
. d=.7
MSK {d = .5)
'MSK — DIFFERENTIAL ENCODING (d = .5}
BPSK - COHERENT DETECTION 105 92 147,191
DE-BPSK 1.0 97 147
 DPSK 12.0 103 147
apsKk 12.2 2.8 147,191
PM
DQPSK > 20 14.0 147
OK-QPSK '
8-ary PSK — COHERENT DETECTION ~20 158 191
16-ary PSK — COHERENT DETECTION > 24 191
AM/PM | 16-ary APK

* FORBIT ERROR RATE OF 104 d'= FM MODULATION INDEX

simulationi results are available for any of the CP-FSK schemes
or for OK-QPSK.

Effects o f Fading

Fading is another problem often encountered on digital
radio links. If the fading is caused by two resolvable multi-
path components then the results of Table 3 can be utilized
(the CW interférer can represent the signal from the secondary
path). If the fading is caused by a large number .of equal ampli-
tude components, the Rayleigh fading model [79, p. 348] is
more appropriate.® Table 4 presents the performance results
for a Rayleigh fading channel. Because of the severe effects of
Rayleigh fading, a required bit error rate of 102 is assumed
in this table (although this error rate is rather high for digital
radio applications, error control codmg could be used to
achieve the desired rate) Because thé values of Table 4 repre-
sént simply a weighted average of the 1deal performance curves,
the “relative performance of the schemes does not differ
markedly from that indicated by Table 1. It should be em-
phasized that for the AM and AM/PM schemes, the fading is
assumed to bé slow enough that the decision threshold can be
continuously adjusted to the optimii value.

_ Effects of Delay Distortion

D
A

Yet dnother factor that should be considered in selecting a
modulation scheme for digital radio applications is the effect
of delay distortion.” Most of the delay distortion observed on

6 Neither of these models takes into account the fade rate of the
signal. A discussion of the effects of fade rate on the probability of
error is beyond the scope of this paper, but these effects are discussed
in some of the references [14, 28, 35; 37,47, 65, 79, 161].

7If the distortion observed on the received signal can be modeled
by passage of the transmitted signal through a linear filter, the delay
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TABLE 4 _
PERFORMANCE OF.REPRESENTATIVE MQDULATION SCHEMES
ON A RAYLEIGH FADING CHANNEL

AVERAGE
TYPE MODULATION SCHEME Eg/Ng (dB)* | REFERENCE
OOK — COMERENT DETECTION 17t 79
Am 0OK — ENVELOPE DETECTION 191 79
QAM 14
QPR
FSK — NONCOHERENT DETECTION 20 68
=1
CP-FSK ~ COHERENT DETECTION 13+ 174
FM - -
CP-FSK — NONCOHERENT DETECTION 18+ 174
d=.7 :
MSK (d = 5) 14
MSK — DIFFERENTIAL ENCODING [d = .5} 17
BPSK ~ COHERENT DETECTION 1 79, 161
DE-BPSK 17 161
DPSK 17 68, 79
PM .
apsk 135 161
DOPSK 20 37
OK-QPSK 135
B-ary PSK — COHERENT DETECTION 165 161
16-ary PSK — COHERENT DETECTION 2 181
AMPM | 16.ary APK 18 174

FOR BIT ERROR RATE OF 102
t  ASSUMES OPTIMUM VARIABLE THRESHOLD
ASSUMES THREE-BIT OBSERVATION INTERVAL

d=FM MODULATION INDEX

TABLE 5
PERFORMANCE OF REPRESENTATIVE MODULATION SCHEMES
IN THE PRESENCE OF DELAY DISTORTION (d/T = 1)

. Eg/Ng (dB)*

TYPE MODULATION SCHEME GUADRATIC | LINEAR | REFERENCE
00K~ COMERENT DETECTION 12.8 12.4 116

AM 0OK — ENVELOPE DETECTION 13.3 16.9 116
QAM 98 15.8 116
QPR >25 178
FSK — NONCOHERENT DETECTION 135 16.0 116
CP-FSK ~ COMERENT DETECTION 88" 86 116

=

M

CP-FSK — NONCOHERENT DETECTION 127" 12,7+ 116
d=.7 ]

MSK (d = .5) 28 15.8 16
MSK — DIFFERENTIAL ENCODING (d = .5) 10.8 16.8 116
BPSK ~ COHERENT DETECTION a8 26 116
DE-BPSK 103 10.1 116
DPSK 1.8 116

PM
arsk 98 15.8 116
DOPSK 16.3 16
0K-QPSK 98 15.8 116
8-ary PSK — COHERENT DETECTION <25 ~25 175
16-ary PSK — COHERENT DETECTION

AM/PM | 16-ary APK

FOR BIT ERROR RATE OF 104
** ASSUMES THREE-BIT OBSERVATION INTERVAL

d=FM MODULATION INDEX

line-of-sight radio links is introduced by the radios and not the
channel. Table 5 presents some results derived primarily from
Sunde’s comprehensive treatment of the effects of delay dis-
tottion on pulse transmission [116]. The performance of the
representative systems is shown for quadratic and linear delay
distortion for the case in which the maximum differential de-
Iay (relative to the mid-band delay) is equal to the symbol
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