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Abstract -Transmitters and electrical equipment co-located This approximation is investigated for a radio system using
to a radio system can, due to its radiated electromagnetic minimum shift keying (MSK) modulation on a Gaussian
interference, cause serious degradation on the system per-channel, without using any error correction. This modulation
formance. In real system design when predicting the loss of scheme is of practical interest, since it is commonly used in
performance, with a set of interferences of various signal types, military applications. The analyses are performed on a parallel
there is a need of simple approximations that simultaneously MSK-type receiver. Comparisons are then made between the
describe the interferences in a proper manner. The focus of this bit error probability (BEP), due to (i) AWGN, (i) an
paper is to show how different interfering signals will affect the interfering MSK signal, (iii) a continuous sine wave, (iv) a
performance of a radio system. Furthermore, the consequences pulse modulated continuous sine wave and (v) pulse
of approximating these interference signals as additive white modulated AWGN, all with equal average power.

Gaussian noise are investigated.
The performance of modulation schemes in AWGN are

well investigated in the literature and the expressions for the
BEP are, in general, quite simple to use. An MSK modulated
INTRODUCTION signal as an interferer is thoroughly investigated in [1] and
these results are used here. This case applies to the situation
When a radio system is located in the vicinity of othé¥hen several radio transmitters, using MSK modulation, are
transmitters or interfering electric equipment, the radio systepRerating in a limited area in the same frequency band. The
will suffer a performance degradation, due to the radiatédher interferences analysed, occur frequently when we
electromagnetic interference. With an increased use @Pnsider electrical equipment in the vicinity of the radio
electrical interfering equipment in the vicinity of the receivef€ceiver. For example, a periodic signal can, after an RF filter,
it is necessary to take this interference into account. Aléppear to the receiver as one or a few sine waves. The pulse
when a system is subjected to deliberately interfering signdl@dulated noise is applicable as a model for a unit using
such as jammers, we need to be able to predict the Conrgpetitive signals. The impact of a continuous sine wave on an
quences. MSK receiver has been studied in [2] and [3], but these
Traditionally, these interfering signals have often been eith@fticles consider a slightly different receiver and do not
neglected, if their power at the radio receiver is lower thanc@nsider differentially encoded MSK. The exposure of a
certain level, or approximated as additive white Gaussi&®ntinuous sine wave and a pulse modulated noise on this
noise (AWGN) when the performance of the system has beléﬁd of receiver have not been pUb”ShEd earlier and will be
analysed. In other cases, rather complex calculations é#tgestigated. A comparison is made between the performance
adopted when the performance is determined. In real systéggradation due to the proposed interfering signals. These
design, with a set of interferences of various signal type§ignals are relevant both in the jamming case and when the
these methods are precarious and simple approximations @¢&tem is subjected to an adjacent interfering electric equip-
desirable. The consequences of approximating interferifigent.
signals as Gaussian processes are not very well documented ) ) )
why there is a need to investigate this approximation for some e most fundamental information about the modulation

relevant interfering signal types. The focus of this paper is f€Me and the receiver analysed are given in section II. For
show how different interfering signals will affect themore information the reader is referred to the references

performance of a radio system when thermal noise is al@yen- In section lll, the performance degradation of the
present. Furthermore, the consequences of approximatﬁ%em is calculated and comparisons between the cases with

these interference signals as additive white Gaussian noise dfierent interfering signals and the Gaussian approximation
investigated. are shown. It is shown that pulse modulated noise with a short

duty cycle has a large impact on the receiver performance.

0-7803-5538-5/99/$10.00 (c) 1999 IEEE



Pulse modulated AWGN is therefore further investigated in ;s (on,1)

section IV from a jammer’s point of view. Finally, the ¢ t=2nT
conclusions are drawn in section V. The overall conclusion is o a 4\‘@» <0 |
that the performance degradation is highly dependent on "r(t) Decision |d
signal type of the interfering signal and that it is therefuic Logic |
misleading, especially for pulse modulated noise, to only | ~2sin(nfct) t=(n+)r

consider the interference power at the input of the radio §
receiver, when predicting the communication quality. a() ’ﬁ’ ><0

Fig. 1: A parallel MSK-type receiver, [5].

Il. RELIMINARIES

[Il. THE IMPACT OF INTERFERINGSIGNALS
The minimum shift keying signal is defined as [4]:

A. An MSK receiver subjected to AWGN

_. _ |2E, _
s(t,ar) —\/7 cod2rf .t + (t,@)] . (1) When the received signal consists of the transmitted MSK
signal and thermal noise, modelled as additive white Gaussian
where noise with double-sided power spectral densityNgf/2, the
. is the carrier frequency [Hz], zgobablhty of making an incorrect phase decision is obtained
E, is the bit energy [Ws],
. . Pphase:lerf EB ’ (4)
T the bit duration [s], 2 No H

¢(t.a) s the signal phase, and where erfc(x) is the complementary error function. The

a is the data sequence of statistically independephase decision is an ordinary BPSK bit decision. To make a
symbols taking the values with equal probability. correct bit decision, two successive correct phase decisions or

) ) ) two successive wrong phase decisions are required, [6], which
The continuously changing phase is dependent on the tlmgms the total bit error probability

and previous data bits and can be expressed as

na Pb = 2Pphase(1_ Pphase) : (5)
_\_ T
§tLa) =2 Y @ +magt-nT) @
1= B. An MSK Receiver subjected to another MSK signal
where
In order to investigate the impact of an interfering MSK
g 0 t=<0 signal, the derived expression of the BEP in [1] is used.
qt) =/(2T) o<t<T . 3)
E Y2 t=T C. An MSK Receiver subjected to a continuous sine wave

In (2), it is obvious that the phase depends on previousThe interfering continuous sine wave is described as
symbols and that the phase either increases or decreases by

11/2 every bit interval, depending on the present data bit. 2E
o _ _ i(t) =, =2y cod2m(f, +AF)T +¢] (6)
The receiver is a parallel MSK-type receiver, see Fig. 1, T

which is an optimum receiver, with respect to bit error rai@here

performance. The filterg(t) are normalized signal matched

filters. Before the decision logic the detector makes phase¢ is a random variable uniformly distributed over
decisions whether the phase is Ororevery t =2nT in the [027] and

upper path, and whether the phasernj2 or —m/2 every

t=(2n+1T in the lower path. The decision logic then Af is the difference between the receiver center
differentially determines the information bits out of the phase frequency and the carrier frequency of the
decisions every bit interval. continuous wave.
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By using the notations in the definition of an MSK signa 1" ; ‘ : T

see (1), the ratio between the signal power and tl v . S| T SR=SaR)
interference power, SIR, before the detector becom ~ - SIRFISdH

SIR=1/y? . To obtain the error probability, when the receive ** g ; ; S

is subjected to a continuous sine wave and thermal noise
form of AWGN, we study the decision variable for the phas%lo,a; , | SNR-10d8
decisions. Considering the random phage fixed, the

decision variable will be a normally distributed with meatr
JEp T A(Af,¢) and varianceN,/2, where A(Af,¢) is the

Bit Error Probability,
/
/
-

10°E ~ 4

contribution from the interfering signal. It is quite straigh ,

forward to derive the decision variable of the interferinc .| : IR , , 4 |
signal A(Af,¢). The phase error probability is then average ; fiE BEREERS S S

over ¢ :

0 0.2 0.4 0.6 0.8 1 12 14 1.6 18

ase = E% fi B\/—E)—+A(Af,¢)% "
o EIZer cE N %

2
_ 4i Ierfca/ﬁ%+ 4cosp (_:os(ZnAfT)%j "
"4 o H

SIR[L- (4nf )2 |

P

) (7) Fig. 3: Calculated BEP as a function of the prodfStt for different SIR.

In order to compare how a radio system is affected by these
where SNR is defined as the signal-to-noise ratio per biterfering signals above discussed, we study the error
E,/No and SIR as]/y2 . In a real applicationg is not probability. In Fig. 2, the bit error probability is calculated as

known. Here, the phase error probability, averaged gves a function of signal-to-interference ratio when an MSK signal

d h luati . In (7 is exposed to an interfering signal of additive white Gaussian
used as the evaluation parameter of interest. In (7), we use e, a continuous sine wave and an MSK signal,

a;]ssumption ]Ehat the phase error probability is independent, gk ively. The interfering signals are located at the carrier
the information _ sequence _a ' I.€. frequency with an additional thermal noise present, yielding a
Pohase™ E{P(phasaarroda)} = P(phaseerrofar) , due to the constant signal-to-noise ratio of 5, 10 and 13 dB.

symmetry of MSK signals, [3] We can see that an interfering MSK signal always results in a
lower error probability than a continuous sine wave and
AWGN with equal power. The sine wave and the AWGN
alternate in causing the worst performance. An AWGN
approximation of an MSK or a continuous wave interferer
often causes a larger BEP. For those SIR where it does not, it
is only slightly lower than the real value or conditions are too
bad, resulting in too high BEP to use for radio
communicationWhen the SIR becomes large for a certain
SNR, all curves tend to coincide, since the interference
becomes negligible.

10 T T

——  Cont. sine wave
10t L --- AWGN
—+— MSK

Bit Error Probability, BEP
.
o
T

In Fig. 3, the BEP is shown as a function of the product
AfT . Here we can see how the BEP is decreasing when the

continuous wave is moved from the center frequency. Quite
natural, from a jammer’s point of view, it is most effective to

- ‘ ‘ ‘ ‘ ‘ locate a tone jammer as close as possible to the center
0 ® 10 SR 108) 20 » ¥ frequency of the radio system. FAfT =3/4,5/4,... the BEP
Fig. 2: The calculated BEP for different interfering signals. assumes its minimum, due to the fact that the decision

variable of the interfering signal becomes zero.
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D. An MSK receiver subjected to a pulse modulated sii 1’ ? k
wave :

OO
T
Qo
z

W

10°E

Another commonly appearing and therefore releva
interference wave form is the pulse modulated signal. In tr .|
case we study a signal which periodically off and on transm%
a sine wave. The fraction of time when the interference

present is defined ag and the probability that this will occur
is therefore alsop . If we make the assumption that the:

interfering signal is either present an entire bit interval or n W'k
present at all, we get the expression of the error probability

S . : SNR=5dB

5

107

it Error Probability

B

10°F TP DI

R, = ph, (interfereceandthermalnoise ®)
+(1- p)R, (thermalnoise) ’ |

10 I I I I I I

SIR, [dB]

where B, (interfererreandthermalnoisg is the BEP caused
by AWGN with the single-sided power spectral dendity

and an interfering signal. Consequent®(thermalnoisg is

the BEP when only the thermal noise is present. When \)ogt_hin bandwidth of the ma.tched filters. Electrical units in the
compare the error probability for different interfering signald)€ighbourhood of the receiver are often of a pulse modulated
it is important that the interfering signals have equal avera@ture. Therefore it is of great importance to be able to
power in order to make a relevant comparison. The signal-festimate how these units work in time, i, and not to
interference ratio is therefore defined as the average valueapproximate the noise sources with AWGN out of its average
SIR and not as the instant value. power.

Fig. 4: Calculated BEP for a continuous wave, a pulse modulated
continuous wave and AWGN with the same average power.

In Fig. 4, the BEP is calculated, when the receiver i An MSK receiver subjected to pulse modulated additive
subjected to a pulse modulated sine wave, a continuous Sji§ite Gaussian noise
wave and AWGN, respectively, by using (4), (7) and (8). It
shows that a pulse modulated sine wave with the powerThe BEP when the receiver is subjected to pulse modulated
concentrated to as short intervals as possible gives the wé¥¥fGN and pulse modulated continuous wave are very
performance degradation for SIR larger than a certain valigimilar and the degradation is highly dependent of the pulse
The sine wave is assumed to use the same frequency asdiiy factor. Therefore, it is inappropriate to approximate pulse
carrier frequency of the desired MSK signal. Furthermore, waodulated AWGN with AWGN with the same average power
can see that the BEP approach®® when SIR is becoming Wwithout having knowledge of the duty factor.

small and the thermal noise is neglected. This is due to the

fact that the BEP is approximately IV. QPTIMUM DUTY FACTOR IN A JAMMER'S ASPECT

PR, (dominatinginterfererce) , when SIR is small. The figure

also shows the BEP when the radio system is degraded by af® jammer could take advantage of the fact that the receiver
interfering signal consisting of AWGN besides the thermd®r certain ranges of SIR is very vulnerable to pulse

noise. The difference between impact of a continuous sifittdulated noise. By an intelligent choice of the pulse duty
wave, p =1, and AWGN is not especially large. It is mainlyfactor o of a pulse modulated AWGN a severe degradation

the fact that the interference is pulse modulated rather th@hthe performance can be accomplished.

what wave form the interference has, that affects the BEP. . .

We can see that it would be incorrect to assume a noise sourcg we neglect the thermal noise, the optimum that
to be AWGN when we are dealing with pulse modulate@chieves worst performance degradation becomes
noise. For small values gp it can result in a much lower

BEP than the real value. This conclusion is based on the fact _ B& E,/N >0.82 9
that the pulse width of the interfering signal is at le@st p =0y /N ©)
which means that the whole interference power is H1 E,/N <082
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We have made the assumption that the interfering signac@nmmunication quality. The largest differences in BEP are
either present an entire bit interval, with the instant singlebtained when we compare a system disturbed by pulse
sided power spectral density/p, or not present at all. The modulated noise, with short pulse duty factor, and AWGN

the BEP contains several erfc-function expressions, thehen a system s subjected to either an interfering MSK

relation betweerp and E, /N is calculated numericall signal or a continuous sine wave, with the same frequency as
P b y: the receiver center frequency. An interfering signal of AWGN

is in most cases causing a higher BEP than a continuous sine
Wave and always causing a higher BEP than an interfering
K signal, although the difference is not very large.

When a jammer dominates in signal power at the receiv
it accomplishes worse degradation by using a continuo
interferer instead of a pulse modulated one, as shown in (
By choosing the optimum value of the pulse duty fagioto

achieve maximum performance degradation,
probability becomes

To sum up, it is in certain cases appropriate to approximate
the errgh interfering MSK signal and an interfering continuous sine
wave with AWGN. When evaluating pulse modulated noise,
on the contrary, the approximation does not work, except for
very large pulse duty factors of the interfering signal. That is,
only information about the average power of an interfering
signal is not sufficient when predicting the error probability.

g 0.15
EJ

Ep/N >0.82
EN b/

R = , (10)
Qarch/ % erch/ % E,/N<0.82

According to (10), the maximum bit error probability is
obtained by the continuous AWGN fdf, /N < 0.82, while a [1]

pulse modulated noise causes worst degradation when
E, /N >0.82, where the BEP becomes a linear function of

SIR expressed in decibel.

If the thermal noise is taken into consideration also SNR]
will affect the optimal duty factor. We get a relation between
the p and SNR ancE, /N as

59 SELOJ/SNR

=0 E,/N
1 E, /N <0.810YS"R or SNR< 2

[3]

E, /N >08010YS™R andsNR= 2 )

Equation (11) is derived numerically, by the samk!
reasoning as in (9). In (11), we have a rather simple
expression for how the error rate can be maximized when a
jammer uses a certaip . However, a jammer is seldom in[5]

possession of the exact values of SNR &d'N . Instead,

this relation gives a hint of interference situations that can
bring a serious impact on a radio receiver.

V. GNCLUSIONS (6]

We show that the performance degradation is highly
dependent on the signal type of the interfering signal and that
it is therefore misleading to only consider the interference
power at the input of the radio receiver, when predicting the

HRERENCES

A. Svensson, “Error probability analysis for CPM with
linear detection on Gaussian and Rayleigh fading
channels with multiple signal interferencéf?E Proc,
Vol. 134, Pt. F, No. 7, December 1987.

O. A. H. Shabsigh, “On the effects of CW interference
on MSK signal reception,IEEE Trans. on Comm.
Vol. 30, No. 8, August 1982.

J. T. Gamble, “MSK performance under various fading
conditions in the presence of worst-case CW
interference,” Proc. IEEE MILCOM’92, pp. 390-394,
1992.

T. Aulin, C-E Sundberg, “Continuous phase
modulation—part I: full response signalinglEEE
Trans. on CommYol. 29, No. 3, March 1981.

A. Svensson, “Error probability analysis for CPM with
linear detection on Gaussian and Rayleigh fading
channels with multiple signal interferenceEE
ProceedingsVol. 134, Pt. F, No. 7, December 1987.

A. Svensson, C-E Sundberg, “Optimum MSK-type
receivers for CPM on Gaussian and Rayleigh fading
channels,”IEE Proc, Vol. 131, Pt. F, No. 5, August
1984.

0-7803-5538-5/99/$10.00 (c) 1999 IEEE



