











saéfifiéé ;Tn signal-to-noise performance. The optimum window
regﬁ%??ﬁan opg%iquestion and there 1is the possibilty of signal
sLépiﬁg and coding not only to reduce adjacent channel effects but
also to increase jam resistance, However it was felt that signal
or receiver design must be carried out in the iight of overall
error performance, and so in section 3 of this research report we
present an analysis of the baslc energy detector used 1in
noncoherent reception of M-ary FSK. The work is directed toward
the evaluation of error performance in M-ary FSK where there 1is
not only additive noise in the channel, but in addition there may
be a frequency offset due to imperfections or inaccuracies in the
hopping~dehopping. As well, there may be a phase jitter on ‘the

tones themselves. In the latter part of the report some

computations on the error rate for multi-user M=-ary F5K

environments are presented.

2. THE SPECTRUM OF NONCOHERENTLY HOPPED M-ARY fSK

In this section of the report we will derive an expression
for the spectrum of noncoherently hopped M-ary FSK. As expected,
the spectrum appears as a superposition of the spectra of the
individual component pulses each centred at the M possible frequ-
encies,

The modulated signal of interest is of the form

®
s(t) = ) g(t-nT) h(an,t—nT),

) 2 s

where g(t) 1s any amplitude shaping of the pulse that may have




occurred and the angle of the pulse is given by

h(an,t-nT) = cos[wct + anAm(t—nT) + p(t—nT) + en]
For M—-ary transmission a can take on the values *1,%3,,,%¥(M-1),
which correspond to the frequencies wc+(2i-1)Aw, i=i1,..iM/2. Any
shaping of the instantaneous frequency is described by p(t) and
the incoherent hopping results in statistically independent random
initial phases en, that are assumed to be uniformly distributed
over (0,2n).

The signal can be written in terms of a complex baseband

equivalent
s(t) = Re{p(t)exp[ju tl}
where
p(t) : E“g(t-nT)exp{j[anAw(t—nT) + p(t-nT) + en]},

Here Re denotes the real part, and * as a superscript denotes the
complex conjugate.
The autocorrelation function will be used to find the signal
spectrum. There follows
R(e,t41) = (L/4) [E{p(t)p(t+)lexpju (2t+1) + E{p(£)p (t+T)}exp-Ju T
+ B (D)p(t+0)}expiu T + E{o”(t)e" () exp-ju (264D 1.
Due to the assumption of uniformly distributed en,

E{p(t)p(t+1)}=0, and the first and last terms in the expression

for R(t,t+t) vanish, Thus,

E{p(t)p (t+0)} = | | g(t-nT)g(t+r-nT) &
n=—om m=—o

where

£ = E{expj[anAw(t-nT)- amAw(t+T—mT)+ p(t-nT)- p(t+t-mT)+ en—em]}




= E{exp—janAwt}.exp—j[p(t+t—nT) - p(t-nT)].&m

,n
Now
M/2
E{exp—janAwt} = (2/M) 2 cos(2i-1)Awt ,
i=1
and finally,
x ) M/2
E{p(t)p (t+1)} = X g(t+t-nT)g(t—nT).(2/M)Z cos(2i-1)AwT.
n=-wo i=1

.exp-jlp(t+t—aT) - p(t-nT)]
The autocorrelation function
R(t,t+1) = (1/2)Re{E{p(t)p’ (t+1)}exp—ju_t}
is a function of t. In other words the signal s(t) 1s not
wide-sense stationary but is in fact cyclostationary (see [14]),
that is, R(t+T,t+1+T) = R(t,t+r). This can be dealt with as
follows, Since in practice we do not have a precise time origin,
we can assume that the origin is uniformly distributed over (0,T)
£.(n) = (1/T) 0<n<T
=0 elsewhere.
The average autocorrelation function is
R(t) = Et{R(t,t+t)}.
After simplification this reduces to
-1 M/2 *
R(T) = (2MT) izlcos[(Zi—l)Awt].[exp[—jwct]{z(r)*z (-0} +
+ expliu_tl{z (D*2(-D)}],
where * denotes the convolution, and z(t) ='g(t)exp-jp(t). The
autocorrelation consists of the sum of two terms. One cor-

responding to the spectrum ceantred at wc; and the other the mirror




image at 0. The part about w, is given by

-1 M/2
S(w) = (4MT) ! 8,(w ~(2i-1)b8w)
1=-M/2° ©
i#0
where
* 2
Sz(m) = FT{z(1)*z (-1)} = [Z(w)]|",
Z(w) = FT{z(1)}
and

FT{z} denotes the Fourier transform of z,

3 ERROR PERFORMANCE OF NONCOHERENT M-ARY FSK IN THE PRESENCE OF

FREQUENCY OFFSET, PHASE JITTER AND ADDITIVE NOISE

In the system under consideration, ideally one of M frequen-
cies fi’ i=1,2,..M, with orthogonal frequency spacing is trans-
mitted in the time interval (-T/2,T/2). Due to imperfections in
the transmission system the detected tone is not at the precise
frequency fi’ but there is a frequency offset or error of Af Hz.
Also, the phase of the sinusoid available for processing has a
random component ¢(t), which varies over the observation interval,
and it 1is assumed that there is additive noise 1in the channel.
Thus the received signal is given by

si(t)=A cos(mit + Awt + ¢(t) + ¢g) + n(r), i=1,2,...M
The detection will be carried out by noncoherent energy detectors
and so without restriction we can for convenience take ¢¢=0,

The receiver consists of M energy detectors of the form shown

in Figs.1 and 2 and the decision is made that the frequency

) |
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Fig. l: An energy detector with a welghted integrator
for incoherent, FSK detection.
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Fig. 2: A bank of energy detectors for multi-user, MFSK detection.
The input signal to the receiver is first dehopped using
code used for group frequency hopping in the transmitter.
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corresponding to that of the detector with the largest output, was
in fact sent. We will deal with the probability of error given s
sent, which from the symmetry of the problem is the overall
probability of error. Suppose the magnitude of the output of the

th

i detector is Ri’ i=1,2,...M. An error occurs when R1>R1, for

some i=2,3,...M. Thus the probability of error is given by

o R1 R%
P=1-gfdr; of ceep] E(RHR,, 00 RDARy, ARy

t
For convenience we can write the output of the 1 b detector in
complex notation z,= x,+ jy;. Then Ri=|zi|’

t

i“z- [exp{i(but+p(t))}dt + [n(t)e dt

z—

Note, where the limits of integration are not indicated explicity,

they are (-T/2,T/2).

If the phase noise ¢(t) is fairly small over (-T/2,T/2),

the first term in the expression for z, is well-approximated by
A t
2 MR+ se(o)ae =

(4/2) [T(I00T/2. ~386T/2y ) 4y 4 3 fo(e)ed?tae]
Thus
z,= (AT/2)[sinc(8uT/2) + T fa(e)e 38 qe ) + fn(t)e"j“’lt dt
The common notation sinec x = sin x/x has been used.

The inaccuracy in the above approximation appears very small

Y
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for usual levels of phase nolse. For example for a jitter of 300,
which for most reasonable oscillators would be considered a large

jitter, the error in the linear approximation is 2.4 %.

For orthogonal signalling (wi— wl)T/Z = kw, k=t1,%2,.,

Thus z,= (A/2)fexp{j[w1+ﬂw—wi)t + ¢(t)]}dt + fn(t)exp{-jwit} dt

= (A/2) [exp{j[(Aw-2kn/T)t + ¢(t)]}dt + fn(t)exp{—jwit}dt
Again we will make the assumption that ¢(t) is not too large over
(-T/2,T/2) and approximate exp[j¢(t)] by I1+je(t). After some
simplification we obtain

z, = C,P + 3(A/2) [e(t)exp{j[Aw-2kn/T]t}dt +fn(t)exp{-jwit}dt

i=2,3,..M

z,= P + j(A/2)f¢(t) exp{jAwt}dt + fn(t)exp{—jwlt}dt

k+1

where P = (AT/2)sinc(AwT/2) and Ci = (=1)"""/(1-2kn/(AwT)), and k

is the integer corresponding to the particular orthogonal spacing
of fi'
If we assume that ¢(t) and n(t) are Gaussian processes,

then the random variables x, and y, are Gaussian., It is usual to

i
agssume that the additive noise 1is Gaussian. Also the assumption
of Gaussian phase noise is common. It can be shown [7], that for

a first order phase-locked loop the phase is asymptotically
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Gaussian and well-approximated by the Gaussian diéttibution even
at quite moderate signal-to-moise ratios. As well, in another
application, one of the authors measured phase noise to be
Gaussian with a high degree of accuracy.
The means of the Gaussian variables are

E{zl}=E{x1}=P, E{zi}=E{xi}=CkP for i#l

E{y }=0
We have derived expréssions for the various joint moments E{xiyj}
under the assumption that the additive noise 1s white. Un-
forﬁunatley in the most general case there is correlation between

all the componeﬁts and the analysis does not simplify.

3.1 General Method of Analysis

To find the distribution of the envelopes RI’RZ""RM’ we
will Qse the technique originally used by Rice [8], to obtain
envelope distributions for Gaussian noise. Let us write our
observed v;riables as a Gaussian vector

X = [xl,yl,xz,yz,....xM,yM]
with mean

MX = [P’O’C P,O,....CMP,O]

2
and covariance matrix p with general element pij' Let A with
elements Aij be the inverse of p and let |p| denote the determin-

ant of p. Then since X is gaussian, its density function is given

by

-M _.1/2 t
£(x)5¥]2Xys 0 e¥)=(27) |o| exp{-1/2(X-My) A(X-My) "}
Here t denotes the matrix transpose.

The joint distribution of Rl’RZ"'°RM is obtained in two
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steps, First carry out the change of variables

X R . cos6,
i

i i

y; = Rysiné_, i=1,..M,

for which the Jacobian of the transformation is R1R2...RM. Thus
f(Rl’el’RZ"" .RM,GM)=fX(x1cos91,...stineM).Rl..RM. The density
function of Rl’RZ" ..RM is obtained by integrating over the
extraneous 6 variables. This may be difficult or at least messy
in practice. In particular cases this has been possible using
modified Bessel function generating functions

(]

exp{zcos9}=Io(z) + 2 Ik(z)cos(ke)
k=1

exp{zsing}=I_(z) + 220(—1)k12k+1(z)s1n[(2k+1)e]
k=

- .
+ 2] (-D*1,, (2)cos(2K6)
k
k=1
This procedure yields a density function in terms of series of

Bessel functions. An example will be given in the next section of

this report.

3.2 Distribution of the Output of an Individual Energy Detector

As a first fairly simple case let us find the probability
density function of the sampled output of an individual energy
detector. The density function of the components is

- -1/2
£(x,y)=207 o |7 F ek

2

where the exponent & ( 1/2)[All(x1 P) +A22y1
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Here
2
lel = (pyypy57p]5)
and
A =-T1T-'322 P12
P |™P12 P11

After the change of variables x1=Rcose, y1=Rsin6, and simplifica-

tion we obtain for the exponent

_ 2 2 2 2 2,1/2
£ = (—1/2)[A11P + (A11+ AZZ)R /2 + (R /2){(All+ 122) + 42 .

1
2 ,1/2

o 2
.cos(26~2¢) - 2PR(A11 + Alz)

cos(6-y)]

where

-1 _ ~1
¢ = (1/2)tan [2A12/(A11- Alz)], and ¢ = tan [xlz/klll.
If we make the change of variable 01=9-¢ and as suggested above

use the Bessel function expansion
]

exp{zcosel} = Io(z) + 2} Ik(z)coske

k=1 !

we obtain the expression for the density function of the detector

output

2 -1
) /

E(R) = R(py 10,9 0290 2exp{(~1/2) A P2+ O 1+ A, )R/21.

ST (kDT (k) + 2cos(¢—¢)k£11k(k1)IZk(kz)]

where

k, = (-R2/4|p|)[(922-911)2+ plel/z,

and
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2 2 ,1/2
k, = (RB/[o)o2, + o2 112,

3.3 Binary FSK with Frequency Error

Let us consider the error performance of a noncoherent de-—
tection system for binary FSK, when there is frequency error and
additive channel noise, but no phase jitter. This is the easiest

of the cases currently under consideration. Then

X = fn(t)coswlt dt + P
y, = QIn(t)sinwlt dt

X, = kzP + fn(t)cosmzt dt
¥, = —fn(t) sinwzt dt
E{zl} = E{xl} =P

E{ZZ} = E{xz} = CZP

We will assume that the additive noise 1s white with two-

sided spectral density N0/2 watts/Hz. Then

P11 = Pop = P33 = Pyy = NoT/4

pij = 0 for 1 # j.

The procedure outlined above carries out easily. In effect R1 and

R2 are independent Rician random variables [8] with density func-
tion
2 2 2 2 2
f(Ri) (Ri/ai) exp{ (ai+ Ri)/Zoi} Io(aiRi/oi)
Her = P =k, P d 2 = 2 = N T/4
ere a; = P, a, oPs an 01 02 0

The probability that one Rician variable exceeds another

independent Rician variable can be expressed in terms of Marcum’s
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Q function [9,p.587]. Thus the probability of error is given by

b, = QU/a,/B) = [v/(1+vD)] exp(~(a+b)/2} I (Yab) (1)

where the Marcum’s Q function is given by

Q(a,b) =bf:xp{—(a2+x2)/2} Io(ax) x dx

[+
1

2.2 .2
= 207 P°/NT, b = 2P°/N,T

v =1,

Setting 02 = (0, should yield the previously known resulﬁ for
the noncoherent detection of binary FSK
P, = Q0,/B) - (1/2)exp{-b/2}

= (1/Dexp{-P*/NyT}.

The last step follows since Q(0,/b) = exp{-b/2} and IO(O) =1,

We wish to use McGee’s recursive method for computing Marc-
um’s Q-function [10]. Accordingly, we may apply the tranformation

in (A-3-1), p.586, of [9] to write (1) in the form
P, =1 - QUb,7a) + (1/2)exp [-(a+b)/2] I  (/ab) (2)

McGee’s algorithm computes 1 - Q(¥b,/a) using a simple recursive

procedure,

We have used the formula in (2) to compute estimates to Pe in
the follbwing twb cases:

(1)T The symbol error probability for M—ary FSK modulation

in a single user environment with frequency errors in

the input signal,
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(ii) The symbol error probability for binary FSK
modulation in a multi-user environment with frequency

errors in the input, multi-user tones.

Our ultimate goal is to obtain good estimates of Pe for up to
M= 8 for a multi-user environmment with frequency errors in the
input tones, We can also handle frequency errors in the correl-

lator sinusoids using Stein’s general formula (equation (8-2-12)

of [9]). However, the computations are left for further study.

3.4 M—ary FSK with no Frequency Error

First, we consider M—ary FSK modulation when the transmitted
signals are orthogonal and are identical in format to the signals
used in the energy detectors in the receiver. Then, as shown in

problem 7.9 of [11], the symbol error probability is given by

M-1
Po= 3 (—1)k+}(k+1)(M;1) exp[~kE/ (k+1)N_]
k=1

where E is the signal energy,

ny _ n!

k k! (n=-k)!
and No/2 is the spectral height of the white Gaussian noise which
is the only assumed form of disturbance in the present case. An

upper bound to Pe can easily be obtained by wusing the union

bound. This bound on Pe is

P, < [(M~1)/2] exp[—E/ZNo] 4)
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and the bound is the exact error probability when M=2,

In Fig. 3 we plot P = versus E/No for various M. Note that
performance degrades gracefully for increasing M. In fact, if the

abscissae was replaced by the energy per bit-to-noise ratio

E,/N_ = E/N logM

performance would get better for increasing M. However, this is at
the expense of an increase in required channel bandwidth as the

minimal tone separation is 1/T Hz for signal orthogonality.

In Fig.4 we compare Pe in (3) with its upper bound in (4) for
various M, The upper bound is quite close to the error probabil-
ity in terms of the spread in E/No. We will also find that the
union bound gives quite accurate results even in the presence of
frequency errors in the input tones to the energy detectors.
However, in this case, exact results appear difficult to get.
Instead we use a lower bound to go along with the upper bound

based on the union bound.

3.5 M—ary FSK with Frequency Error: Single User Case

Our expression above for the system error probability depends
strongly on the following two facts:
(1) The only energy detector output with a non-zero
mean value is the one corresponding to the input
frequency of the signal component of the

received waveform

| |
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and

(i1) the noise outputs of all energy detectors are

independent.

In the analysis to follow we assume that the correlation
waveforms in the energy detector are orthogonal, That is, unlike
the input waveforms, they are not subjected to frequency errors.
Thus the item noted as (ii) above carriles over into our analysis.
However, as just mentioned, we allow the tone inputs to the
recelver to undergo frequency errors. This gives a non-zero mean
value to each energy detector and leads to much complication in

the error analysis.,

Let us first consider tﬁe case of binary FSK with a common
frequency error in both tones of Af Hz. We introduce a change in
mathematical detail which does not alter the final results, in
particular, the calculations were carried out with the integrators
in Fig. 1 operating over [0,T] rather than [-T/2, T/2]. Then the

formula for a and b in (1) 1is

b = EE (sincZZwAfT + cinc22nAfT)
(5)

a= [sincZZW(AfT+m) + cinc22n(AfT+m)]

)
o Il o

where sinc x = sin x/x, cinc x = (l-cosx)/x and m is the spacing
between mark and space tones in multiples of T'l.

For given AfT and m we can now evaluate the formula in (2)
for a range of E/No. Our computational results are given in Fig.

5 for m = 1 and the worst case € = AfT. A frequency error of 10%
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of the baud 1interval results in a loss in E/N0 of ,3 dB while a
20% error gives a loss of 2dB at practical error rates. Clearly
the maximum, tolerable frequency error is between 10% and 20% of

the reciprocal of the baud interval, T_l.

We mnow consider the case of M = 4; again with a common
frequency error in the input tones, We will use error bounds to
estimate Pe in this case as a computable formula appears difficult
to get. First consider an upper bound based on the union bound.
From a computation with equations (2) and (5) above it 1is seen
that Pe for the binary case is a function of m and Af where m is a
multiple of 1/T. For quaternary modulation, worst case results
are obtained when Pe is computed for either tone 2 or 3 (the
intermediate tones) 1in the set of 4 modulation tones. The union
bound 1is obtained by computing the error probability for all

pairwise tone detections. Thus for the worst case

P, € 2 P (Af,1) + P, (8f,2) (6)

where Pe(Af,m) is computed from (2) and (5). Our upper bounds are

shown in Fig. 6 for a range of E/No.

Our lower bound is quite simple and is based on a method
Forney used to bound the performance of maximum likelihood sequ-—
ence recelivers [12]. Suppose we ask the receiver for Quaternary
FSK to distinguish only between any two tones. It does so with
Pe = Pe(Af,m). At best, the performance of the Quaternary FSK

recelver can be no better than Pe(Af,l). Thus Pe > Pe (Af,1) and

this lower bound 1s shown in Fig. 6, The spread in the bounds is
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less than ,5dB in E/No. To get our estimate of Pe draw a line

midway between the bounds. This estimate is accurate to 0.25dB in

E/No.

In Fig. 7 we present our upper and lower bounds for the
Octonary (M=8) FSK case. Again the bounds are quite tight on the

basis of a spread in E/No in dB. The upper bound here is

P, < 2 P_(Af,1) + 2 P_(A£,2) + 2 P _(a£,3) + P (8£,4)  (7)

Note that Quaternary and Octonary FSK are 1less sensitive to
orthogonality perturbation than binary FSK, This 1s because the
primary source 6f-interference comes from adjacent tones. The
interference 1s thus most critical in a binary FSK system where
decisions must always be made relative to an adjacent tone
frequency. This fact has aided our bounding procedure of Pe. We
have used the lower bound to be an exact result from the binary
FSK case. It 1is usually quite close in E/No to the upper bound

based on the union bound for M=4 and M=8.

3.6 Binary FSK with Frequency Error: Multi-User Case

Let the number of potential users of a FDMA/BFSK system be N,
There are 2 assigned frequencies per user and thus L = 2N
potential frequencies for detection. Thus the receiver
represented in Figs. 1 and 2 is a bank of L energy detectors.
However as pointed out in [13], these detectors likely

would be realized using a single Fourier transform.

Let K of the N users be "on the air'". The performance of the
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system could be determined by assigning K-1 interfering frequen-
cies to N-2 frequency slots and assigning each tone a random phase
and frequency error. The a and b parameters for Stein’s formula
could then be found and these would depend on the K-1 random
phases and frequency errors. The error probability would be
determined using Monte Carlo techniques which would average the
error probability over each tone setting, tone random phase and

tone frequency error.

We are primarily interested in receivers with weighted in-
tegrators: the so-called windowed receiver. The a aﬁd b para-
meters are hard to determine for many popular window functions.
Accordingly we decided to evaluate the a and b parameters for
Stein’s formula using the FFT algorithm. Again the K-l out of N-2
frequency slots were chosen with the two tones for detection
placed at mid-frequency band. This will give the worst-case
interference and hence worst-—case error probability. If we use an
FFT algorithm which calculates all harmonics and 1f the tone
spacing between user frequencies 1is 2T—1, ﬁhe number of FFT
frequencies will be 8N, This 2T-.1 tone spacing is required due to
the loss In frequency resolution in windowed receivers., That is,
if an input tone has frequency k/T, significant energy in the
windowed receiver appears at tone frequencies adjacent to the
input frequency. Thus, a windowed receiver requires double the
bandwidth of a system with a standard, rectangular window.
However, with frequency error the rectangular window may not have

high enough rejection of adjacent tones., Thus, tone spacing must
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be increased and this leads to a greater system bandwidth than for

the windowed receiver [6].

For the mark tone which we assume 1is the tone to be

detected, we have

AE 2
b=22 |y | (7a)
o)
and for the space tone
AE 2
a = ﬁ; I vs | (7b)

Now a and b, through the FFT outputs Vo and Vs depend on the

frequency assignment, the random phases and the random frequency

errors for the K-1 interferers.

The parameter A is given by

N}
. 2
() w)
i=1
A o= —g— (8)
1y 2
N W
1=1 T

where N1 ~is smallest power of 2 greater than or equal to 8N, w,
are the window samples and 101og10 A—l represents the loss in
signal-to-thermal noise ratio due to the receiver window function.

In our input to the FFT the tones are complex exponential func-

tions so as to model an in-phase and quadrature processor.

For a fixed frequency assignment and set of random phases and

frequency errors, the error probability is given by (2) and (7).

The average error probability is found By averaging over all




- 29 -

frequency assignments, random phases and random frequency errors
using Monte Carlo methods. In our model, interfering tones are
allowed to be more powerful than the data tones of the user. In
one case these tones were 0dB, 3dB and 10dB higher than the data
tone on an equally probable basis. The advantage of a windowed
recelver in this case, was found to be clear, The results were
obtained by averaging over many sets of frequency errors, random

phases and random amplitudes for the interfering tones.

A typlcal set of calculations for our model are presented in
Figs., 8 and 9. For the data in Fig. 8 we have 25 potential users
each with a uniform random frequency error over [-.2/T,.2/T]. For
Fig. 8 all ﬁsers are assumed to be at equal power levels, The
parameter used to set the Kaiser window function [6] was B=1.8%
and from (8) it follows that the loss 1n signal-to-thermal nolse
ratio 1s 1.6dB. We see from Fig. 8 that due to this loss the
windowed receiver gives a very marginal improvement in performance
only at very low error rates and thus the window is not required
for the equal power case. In all our calculations data tones have
been taken to be at adjacent frequencies, The ¢ marked on our
curves 1s the maximum standard deviation of the sample error

probability relative to the average result that is plotted.

In the calculations for Fig., 9 we have not placed all the
interference at the same power 1levels as the data tone to be
detected. In the worst case the Interference 18 either equal, 3dB

higher or 10dB higher than the data tone and all occur with equal
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probability. Here, as we see from Figure 9, the win&owvis essen—
tial for acceptable error probability. In the other case con-
sidered, the 3dB and 10dB interferences each occur with probabil-
ity 1/8 whereas the 0dB interference level occurs otherwise.
Again the window is needed to achieve reasonable error rates, even

if the system is lightly loaded.

This performance is expected as the window produces low
sidelobes which attenuate interfering, non-orthogonal, tones, but
at the cost of a loss in signal-to-thermal noise ratio, Fdr the
window to be effective the loss in signal-to-thermal noise due to
multi-user interference must be greater than the loss due to the
window, In all cases our computed results have been average over
300 random samples of frequency assignment, random phase and
frequency error. To compute one point on our error probability
curves took approximately .5 hours of CPU time on a VAX 11/750,
Most of the time is spent in computing FFT’s and this will be
speeded up considerably with the installation of our array

processor.

4., Conclusions

The performance of a Binary FSK receiver can be analyzed in
the presence of phase noise, frequency errors and thermal noise.

Calculations in the general case remain to be carried out.

The performance of MFSK for single user environments and

frequency errors can be effectively estimated with upper and lower
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Fig. 8: Average error probability for Binary FSK in a multi-user environment
and an AWGN channel. Each user transmits at the same average power.




- 32 -

I0E T | I T ! a —_—
_ 25 USERS ;0 =10%
5USERS; 0 = 30%
- WITH REL;TI WINDOW .
— PT3:373
25 USERS ;
le::_ -“‘~n“*-~.hh~~‘in‘fi\iiz1@6 —
T \ 5 USERS; 0=40% —
x ~ WITH RECT WINDOW
@ 3,00 ,
w | g ]
30
O
> 10’ —
= Y F SUSERS; 0=15% 3
— — -
@ _ WITH KAISER WINDOW i
§ " 25USERS: o = |1 % ]
Q. g L. L.L
- Pt 3133 -
3 |
3 of 3147
0 E— "3
- o = MAX DEVIATION -
| MULTI-USER CHANNEL ]
| WITH VARIABLE TONE _
AMPLITUDE
oL L | l |
10 il 12 13

E/No in d8

Fig. 9: Average error probability for Binary FSK in a multi-user environment
and an AWGN channel. The power levels of the users are randomly changed.

B 4_44A________________________________________________________:-‘Il




- 33 -
bounds.

Based on Monte Carlo simulations for a 25 user environment it
appears that receiver windowing is not required if all wusers are
at the same power level. If a significant variation from equal

power occurs then receiver windowing is required.

A random model for computing Binary FSK performance
degradation due to frequency errors and a multi-user environment
has been presented. We expect this model can be used to handle
various jamming scenarios such as partial-band and multi-tone
jamming, both in the presence of a loss in system orthogonality in

the input signal set.

In the receivers considered, the nominal or unperturbed mark
and space frequencies of each user were assumed known at the
receiver. We have analyzed receivers in which this is not the
case; for instance, a threshold based receiver for declaring tones
present or absent, Calculations for such receivers, which are
less complex than the ones we have analyzed here, will be avail-
able in the coming months. Such a receiver may more closely model

the particular receiver implementation described in [13].
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