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Abstract
There is a renewed interest in utilizing the upper portion of the baseband spectrum of an FM broadcast
channel for digital data service. This part of the baseband spectrum was previously unused by the audio signal. In the presence of multipath interference, the instantaneous frequency of the received FM signal is a
nonlinear combination of the instantaneous frequency
of the transmitted signal and its time delayed versions.
Due to this nonlinearity, the audio and data signals
are no longer confined to separate parts of the baseband spectrum. Correct reception of the data signal
is then limited by the effects of multipath interference
from the audio signals. In this paper we formulate the
multipath interference problem, and present some preliminary analysis and simulation results.
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where fd is the frequency deviation constant, and S ( t )
is the total modulating signal. The transmitted signal
is then given by
t

X ( t ) = A c o s ( l w(u)du),
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Figure 1: Power Spectral Density of Transmitted Audio
and Data Signals

Introduction

A number of companies have recently begun t o transmit
data by using the existing FM systems that broadcast
audio signals. Examples of such datacasting services
are: RDS (radio data service) used and standardized in
Europe (and its US version called RDBS, although not
widely used yet); DARC (DAta Radio Channel) system
developed by NHK [l]and now serviced by some FM
broadcasters in Japan; and HSDS (High Speed Data
Service) [2], a paging service provided by Seiko Communications.
Audio signals occupy the portion of the baseband
spectrum from 0 to 53 kHz, while frequencies from 53
kHz to lOOkHz were previously unutilized. This upper
portion of the spectrum can be used t o transmit digital
data (as is seen for example by the baseband spectrum
displayed in Figure l), so that both the audio signal
A(L) and the data signal D ( t ) modulate the F M carrier
of frequency fc. The instantaneous frequency of the

1

or
X ( t ) = Acos(w,t

+ 6,(t))

(2)

(3)

where
rt

rt

denotes the phase of the FM signal.
In the absence of multipath interference, the audio
signal A ( t ) and the data signal D ( t ) could be separated
by filtering the instantaneous frequency in the baseband
after demodulation, because the audio and data signals occupy separate frequency ranges. However, when
there is multipath interference, the instantaneous frequency of the received signal is a nonlinear combination
of the instantaneous frequency of the transmitted signal
and its time delayed versions, as shown below. The audio and data signals are no longer confined to separate
parts of the baseband spectrum; hence, the multipath
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channel results in interference between the audio and
data signals.
The maximum amplitudes of the audio and data signals are regulated according to:
fd
fd

I A(t) I 5
I D(t) I 5

75kH~.
7.5kH~.

(5)
(6)

so that typically the audio signal peak power is approximately one hundred times that of the data signal. Thus
it appears that multipath interference could potentially
cause the audio signal t o significantly degrade the data
signal.
In this paper, we analyze the effects of multipath interference on the FM data subcarrier. We begin with
a simple two path model, and then generalize the two
path model t o include the effects of additive noise, numerous paths, and phase differences associated with
each path. For the two path model, we discuss the
interference effects of the data with itself as well as
the interference of the audio signal with the data, and
derive analytic results when the amplitude of the secondary path is relatively attenuated and the delay times
are approximately 1 psec or less. We present expressions for the received instantaneous frequency, as well
as its power spectral density in the frequency range of
the transmitted data in this case. It is shown that for
the small attenuation coefficients and delays considered
here, the audio signal does not significantly degrade
the data. Simulations are used t o study multipath effects for longer delay times and larger attenuation coefficient s.
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We first investigate multipath interference effects on frequency modulation by considering a simple two path
multipath model. The received signal Y ( t )is given by

+aX(t -

T),

(7)

where cr and r are the amplitude and time delay of the
second path relative t o the primary path. Substituting
( 3 ) for X ( t ) ,we obtain
Y ( t ) = Acos(w,t

+ @,(t))

S ~ cos(w,t
A

= G cos(wct

$-

e, (t -

$T(t) =

q t

-

- e , ( t ) - w,T

t-T

=

[~C+~dS('LL)Id'LL

4

t-T

=

(10)

4'11)d'LLy

where w ( t ) is the instantaneous frequency of the transmitted signal X ( t ) . These relationships can also be seen
graphically, as in Figure 2a or 2b.
The FM discriminator output is the instantaneous
frequency of the received signal:
w r ( t ) = wc

+ &(t)= wc

WdS(t)

+ i(t).

(11)

The term ( ( t )is the part of the FM discriminator output due to multipath interference, which is given by

where the weight ~ ( tis)defined by
a (O

+ cos

$T

(t))

d t )= 1 + 2 a c o s $ 7 ( t ) +a2'

(8)

in terms of the envelope G and phase 4(t) of the received signal. The phase 4(t)is then given by
(t))

wr(t) = 11 -

V(q1 w ( t ) + rl(t)w(t -

T).

(14)

Since the phase (10) depends on w ( t ) , the weight ~ ( t )
also depends on w ( t ) . Thus equation (14) shows that
the instantaneous frequency of the received signal is a
nonlinear combination of the transmitted instantaneous
frequency and its time delayed version.
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-w , ~ )

+ +(t))

4(t) = e,(t) + tan-'

where

Thus the instantaneous frequency of the received signal
can be written as

Two Path Model

Y ( t )= X ( t )

Figure 2:

Two Path Model with Additive
Noise

We next consider the case in which the channel contributes both multipath interference and additive narrowband noise N ( t ) . In this case the received F M
signal is
Y ( t )= X ( t ) + a X ( t - T ) + N ( t ) ,

(15)
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where a and r are again the attenuation and delay of
the secondary path signal, and the IF noise N ( t ) is
given by

N ( t ) = N I ( t )coswct - N Q ( t )sinw,t
= Vn(t)cos(wct

+ &(t)),

i(t) =

(17)

&(t>
+&)

+

2 r f d [ ( l - q ( t ) ) S ( t ) ??(t)S(t-

(16)

where V,(t) is called the noise envelope, and & ( t ) is
the noise phase. In the same manner as was done in
Section 2, we can rewrite the received signal as

(30)

The discriminator output is the instantaneous frequency of the received signal, which can be written in
this approximation as

Note that when the FM signal is large relative t o the
noise, the instantaneous frequency derived in (31) and
(28) is the same as that derived previously in equations
(14) and (13) for the case of a multipath channel with
no noise.

where now

tan[(t)

In the limit of A >> V,, the FM discriminator output is

+

V, sin Ae(t)
aAsin$,(t)
A crA cos $,(t) V, COS A@(t)' (21)

=

+

+

and A e ( t ) is defined by

The phase difference $)7(t)
is due to the multipath interference, and is given by equations (4)and ( l o ) , and
N ( t ) is due to noise.
We shall write (, V,, $, A0 instead of ( ( t ) ,V,(t), &(t)
and AO(t). Then the part of the F M discriminator output & due t o noise and multipath interference is given
bv
(23)

where

+

$) + Aa[V,($ + A i ) COS($ - A@)
- AO)] + AAfq + V
A
:d
(24)

D

= A2a$(a
-V, sin($

N

= A2(1+2acos~+a2)
+2AVn[cos A6 a cos($

COS

+

-

A6)]

+ V,".

(25)
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Generalized Multipath Model

Equations (15)-(31) can be generalized t o the case
where there are more than two multipath reflections,
and each reflected path has its own phase change relative t o the transmitted signal. For simplicity we illustrate this generalization for the case without additive noise, which can also be seen as an extension of
equations (9) t o (14). We consider the more general
multipath model

where there axe a total of M reflected paths. The phase,
attenuation, and delay of the ith reflected path are denoted by e,, ai,and r; respectively. In analogy to equations (20) and (21), the phase + ( t )of the received signal
Y ( t )can be expressed as

where

and Nq is defined by
N q = V, sin A$.

(26)

For high F M signal to noise ratios, that is when A

v,:

>>

where

Furthermore, the interference term in the discriminator
output is given by

+

rl(t)

a(cr cos $)
1+2acos$+a2'

=
= i,(t - 7 )

M

-is(t)

= 27ffd[S(t - 7) - S ( t ) ] .

(29)

(37)
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where

Di =

"i

cos $i

+ ai

M
"j

cos($,; - *j)

(39)

j=1

M

Ni =

1+2CffjCOS$j
j=1

M

M

Equations (37) and (38) are seen to be natural extensions of equations (12) and (13) of the simple two path
model.
Finally, we find that the generalization of (30) for the
discriminator output is given by

Equation (43) includes terms up to order a. The first
term in the equation is the transmitted digital data signal, while the remaining terms are due t o multipath interference. The last term is due to the audio signal's interference in data frequency range (f;, f;). Although
the transmitted audio signal is confined to the (0, f,')
region, the nonlinearity in the received signal due to
multipath, as seen in equation (14), produces these audio interference terms in (fi,
f,"). There are additional
terms linear in a which depend on both A(f) and D(f).
We next compute the power spectral density @,(f)
of the received signal wr(t) in the data frequency range
(f5,f,'), when both multipath parameters a and T are
small. We assume independent Gaussian random pro~ )the
cesses for the components V L - R ( t ) and V L + R (of
audio signal. Furthermore, we assume A(t) is independent of D(t). We denote

@D(f)

= power spectral density of D(t)

q A ( f ) = power spectral density of A(t)
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Mild Mult ipat h Conditions

By using simulations, we can observe the power spectral
density of the received signal in the digital frequency
range, denoted (f;, f,'). Using the two path model of
equation ( 7 ) , in the limit of small a and small T we
can obtain an analytic expression for the power spectral density. .We derive this expression by first noting
that for small a and small T the Taylor series approximations allow the received instantaneous frequency in
the digital frequency range (f5,f,') to be written, after
using trigonometric identities, as:

wl.( t ) =

1:

[ R e ( D ( f ) }cos(27rft)

- I m { D ( f ) } sin(2rft)l df

+ I m ( D ( f ) }cos(27rf(t - ?))I df
2

Using equation (43) and including additional terms to
yield the power spectral density with terms up to order
a 2 ,we derive

x-(;+-1
)

1

fl f

1

f - fl

dfl+. . .

(44)

The first term So(f) is the power spectral density of
the transmitted data signal. The next term, the correction linear in a,is due to multipath interference of the
data signal with itself. The remaining terms, which
are quadratic in a, originate from the audio signal,
which when the FM signal is passed through the multipath channel, contribute to the data frequency range
(f6,fA)of the received demodulated signal. If values
of T 5 lpsec and a 5 .3, along with f
,' = 53 kHz,
are substituted into equation (44), then in the range
f; = 57 kHz to f; = 76 kHz for example, the multipath terms contribute only a small amount to the total power spectral density; hence, multipath effects are
not significant here when the multipath parameters are
small enough. For larger values of a and 7 , interference
effects can be investigated with simulations.
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Using our simulation system, we further studied multipath interference effects by comparing eye disgrams and
power spectral density plots of the baseband signal at
the transmitter with those at the receiver following various multipath channels. Our simulation results show
that:
a

For small delay T and amplitude a,the eye of the
received data signal is quite clear (Figure 3), and
the power spectral density of the received signal is
almost identical t o that of the transmitted signal,
which agrees with the analytical result.

a

For small a,the interference grows with delay.

a

When a becomes large, for small T the degree of
interference oscillates with delay, and when r is
large, the interference becomes very strong. Figure 4 shows an intermediate value of T at which
the interference significantly degrades the data
signal. When T is small compared to the time
over which the frequency deviation changes significantly, degradation by multipath interference oscillates with I- according t o when the transmitted
and time delayed signals interfere constructively or
destructively, and hence this oscillation depends on
fc *

e

7

Figure 4:

= 1 microsecond, a = 0.1

Simulation Results
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For small delay, the interference is not strong for a
wide range of a. But for large delay, the interference goes stronger as a increases.

Conclusion and Future Studies

We developed both analytical techniques and simulation models to study the adverse effects of multipath
interference. Our study can be extended in following
aspects:
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= 2.8 microseconds, a = 0.75

a

Use Rayleigh fading and Doppler-shift models t o
understand how these fading channels affect the
system performance.

a

Study optimal coding and modulation schemes
that can reduce the effects of multipath interference and fading effects.

We also believe that the multi-ath interference analysis technique we have developed may be applicable t o
analyze other systems, such as GSM (the digital cellular system developed in Europe but is being marketed
in the U.S., Australia and many Asian countries).
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