EFFECTS OF MULTIPATH ON TELEMETRY DATA TRANSMISSION

8y C. H. CHEN

Summary. - Spurious amplitude and phase modulation effects occur in the
received telemetry signal when both the direct waves and the indirect waves
enter the receiving antenna. In this paper, a simple multipath model is
used which has a single direct wave and a single indirect wave. The in-
direct wave differs from the direct wave by a time delay and a constant
amplitude. With such a simple model, the effects of multipath on telemetry
data transmission can be fully examined because of the mathematical sim-
plicity. TFirst an FM system operating above the threshold is considered.
The intermodulation distortion and the degradation in the data signal-to-
noise ratio due to multipath are both examined. Next we consider two
digital systems, namely the noncoherent FSK and the PCM/FM with the dis-
criminator detection. Both systems utilize a split-phase baseband signal.
And the error rates depend on the multipath time delay. Comparison is
made between the split-phase and the NRZ (non-return-to zero) baseband
signals. Available performance improvement from using the predetection
diversity combining and the synchronization problem are then discussed.
Finally several methods to improve the telemetry data are suggested.

Introduction. - In the study of the telemetry data from two recent
Apollo Range Instrumentation Aircraft (ARIA) flights, the anomalies dis-—
played on the ARIA tapes are identified as due to the relatively high
flight altitude and the multipath propagation [1]. Due to the high flight
altitude, there is an appreciable time delsy between the direct and the
indirect paths. The resulting effects of the multipath propagation on
the telemetry data are examined in this paper. Three systems are con-
sidered: the continuocus FM system, the noncoherent FSK, and the digital
FM with the discriminator detection. For convenience in analysis, we use
a simple multipath model which has a single direct wave and g single in-
direct wave. The indirect wave differs from the direct wave by a time
delay and a constant amplitude.

The oscillograms of the predetection and the post-detection waveforms
reported by Hedeman and Nichols {1] show the following anomalies: (1)
the large intermodulation products i@ an FM system, and (2) the high bit
error rates during the periods of high signal strength in the PCM systems.
This paper analyzes and verifies these anomalies and suggests methods to
improve the telemetry data transmission when the effects of multipath
become significant.

The Continuous FM System. - Letwp and wD be the carrier and the data
signal frequencies respectively, and Aw, be the frequency deviation. We
assume that only one indirect wave of amplitude b is present at the same
carrier freeduency as the direct wave of amplitude a. The direct FM wave
is

Aw

a(t) = a cos (w t + =L siqu +) (1)
C wD D
and the indirect wave is
AwD
b(t) = b cos [w,(t - At) + —= sinw _(t - At)] (2)
C wD D
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where At is the time difference between the direct and the indirect waves.
Here At 1is considered to be constant. The vector addition of the direct
end the indirect waves is shown in Fig. 1. In this figure, vector a
represents the indirect wave, vector ¥ represents the indirect wave and
vector ¢ the resultant. Note that ¢ is modulated in phase and amplitude
relative to & due to the relative motion of transmitter and receiver. The
diffirence in the instantaneous frequencies of (1) and (2) is denoted as
AF(t),

AF(t) =bwp(cosuwt - cost(t - At) ) (3)
which is periodic with frequency wp The angle between & and b is given
by,

ﬂmD
¢ =2 / AF(t)dt = 2r — (sinw t - sinw_(t - At) ) + ¢ (k)
wD D D o

where = wnAt is the "average" phase angle between @ and b determined by
the path digference, AR = fo AAt. Here X is the wave length of the tel-
metry carrier. If AR/A = 1/k, for example, then ¢,= n/2. Let

h; = height of transmitter above the reflecting plane,
ho = height of receiver above the reflecting plane,
R = radio range.

Assume that the earth acts like a smooth horizontal reflector and use the
flat earth approximation. Then if R >>(hl + ho), the path difference be-
tween the two waves is,
2hiho
R = —p- (5)

Thus as h;, hp, and R change, ¢, changes. If we assume that the rate of
change of ¢ois small compared to 4F(t), then Figure 1 shows the average
$o» Which moves slowly around the circle with a rapid phase jitter super-
imposed on the motion. In Figure 2, ¢, = O, n2w, n being a positive
integer, and the maximum rate of change of Q(t)locggfg) The instantaneous
frequency modulation of the resultant C{t) is o Tar Hz/sec. so that

the maximum multipath frequency modulation occurs for ¢4 = O, n2m. The
vector sum C is a nonlinear operation (law of cosine) so that when differ-
ent baseband frequencies are superimposed, sum and difference frequencies
are generated and intermodulation results.

For illustrative purpose, we consider a continuous FM system with three
sinusoidal modulating waveforms denoted es,

cosw.t + K
K, 5 p cosw,t + K3 costt (6)

where fl’ fo and f. are not harmonically related (e.g. f; = 20 KHe,

3

£, = 36 KHz, f_ = 52 KHz). then

3

3
AF(t) = iél Ki [coswit - coswj(t - at)] (7)



The peak-to-peak excursion of ¢, the angle between a and S; is
21K,
3

¢ = 2m SAF(t)dt = I
i=1 Wi

[sinwst - sinw;(t - at)] + o (8)

In the remainder of this paper, we assume ¢o¢= O. The peak-to-peak ex-
cursion of each term.2A¢i is LwKj/w; radians, i = 1,2,3. If each A¢.
is not teo large and b<< a, the resulting frequency modulation, deno%ed
as Aa(t), is

1 dea(t) = b 1 d$(t)

sat) = 2= 3 T ab 21 dt
s At ws At
2 3 “i . i
= ——— K 3 — . il
=1 iil 1 sin — sin (mlt 5 ) (9)

By using the vector @ as reference, and taking into account the direct
wave frequency modulation, the resultant signal corresponding to vector c
is

3
c(t) cos (ust + 2nf ( I Kjcoswst)dt + 2m faq(t) dt)

=c(t) % T 3 Jz(ﬁl)Jm(bg)Jm(33)COS(wc + fw + mwpt nws3lt

RE—w m=Zen=-

where K. w, At w, At w, At

i 2b . 2b . i o

By = — j[(l D sin? 12 32+ (5% sin —5 cos -=—)2 (11)
i

(10)

So there are desired frequency components Wo + fw; , we X mwp; , and
we * nw3 and undesired frequency components (intermodulation products),

W 2 * mwp wa + mw2 * nws » wo + fw1 * nws >

*
and w, *

fw; * mwz * nws

Figures 3(a) and 3(b) show the multipath effects in the ARIA telemetry on
a typical mission. The PCM was split-phase at 4.8 Kb/sec. The continuous
FM channels weze?2 cw, 4 cw, and 6 cw frequencies at 20, 36, and 52 Kiz
respectively. The receiving antenna provided simultaneous right and left
circular polarization. The vehicle antenna pattern was such that the left
hand circular and right hand circular compenents were alternately larger.
The indirect ray has a reversal of circular polarization sense upon re-
flection. For example, when the output of the left hand feed is smaller
than that of the right hand feed, it suffers mere from the multipath and
vice versa. This is seen in both the AM (signal strength) and FM (inter-
modulation distortion). At the time of the record, the range, R, was

26 nm, aircraft altitude, hy, was 6 nm and the altitude of the wvehicle

was 15 nm. Direct calculation gives At = 35 isec. which is about twice
the period of the highest subcarrier frequency. Thus if the amplitude

of the reflected wave is comparable to the amplitude of the direct wave,
severe intermodulation distortion occurs as shown in Figures 3(a) and 3(b).
To illustrate, BEq. (9) shows that the amplitude of Aq(t) due to a single
channel can be as large as 2bK/(a-b) when the delay is an odd integer of
half the subcarrier period. Here K is the carrier deviation of that
channel. If the delay is 40 psec., for example, the 36 KHz channel is
deléyed about 3/2 periods. Thus if K = 1S5 KHz for this channel, and

b/a =0.5, then the amplitude of Aq(t) due to this channel alone is about
30 KHz. If all three channels are considered, then Eq. (10) indicates
that the undesired signal components can be very significant.



The data signal-to-noise ratio is now examined. The received signal
can be written as

3

e(t) cos(mct +2n f( % Kicoswit)dt + 2nfaq(t)at) + n(t) (12)
i=1

where n(t) is the additive white noise with one-sided predetection noise

spectral density No watts/Hz. The demodulated signal-plus-noise is

proportional to

$K,cosw,t + Aq(t) + n_(t)
i i D

w, 8t w, 8t (13)
sin (wit o )]+ nD(t)

Il 7w

K. [cosw.t + &, sin
i i

i=1 a-b 2

where np(t) is the demodulated FM noise.

Assume that the three subcarriers are separated by bandpass filters of
bandwidth W centered at each subcarrier. When the carrier signal-to-noise
ratio is above the threshold, the demodulated output (i.e. the data) has
the signal-to-noise ratio

S _ wDS 2 1 E§?€772
() =353 =W (1)
D(multipath)
where corresponds to a subcarrier frequency wy and B is given by

Eq. (11) with the subscript removed. And c2(t), the average value of c?(t),
is given by

c2(t) = a2 + b2 - 2 ab Tos¢(t) (15)
where, for small ¢(t), cos ¢(t) = 1 - %¢2(t) (16)

and ¢(t) is given by Eq. (L) with ¢ = 0.
If there is no mwltipath, the daga signal-to-noise ratio is

& K 1 a?/2 3 K2a2
= = 2= n s o ol (17)
N »(no multipath) W 2 NN 4 Now'

The ratio of the data signal-to-noise ratio with and without multipath is,
with the use of Eqs. (11) and (16),

S
&

N ; w_ At

DOBICIPSt). o 1w B2 R B PR T (= gt o

(§_) a a a-b

N ‘D(no multipath)

N (Qb _ wD&t mDﬁt i (18)
= sin 5008 =5

The right hand side of Eq. (18) will always be less than one for our as-—-
sumptions of small ¢(t) and b<a. Hence the multipath effect always re-
duces the signal-to-noise ratio of the telemetry data in the FM system.
The amount of degradation depends on the time delsy and the amplitude
ratio of the indirect and direct waves. Performance analysis below FM
threshold is the same as that of the conventional FM system. More per-
formance degradation due to multipath is expected when the ¥M system
operates below the threshold.

Split-Phase/FSK Noncoherent Reception. - The structure of the split-phase




signal for a mark or a space consists of frequency f; transmitted during
the first half of the signal duration T, and frequency fp during the second
half, or vice versa. At a particular time instant, the direct wave is

a sinwjt,wj = 1,2 and the indirect wave is b sinwj(t - 4t), i = 1,2. The
received signal is

a sin wjt + b sin wj(t - 4t) + n(t) (19)

where a sin wjt + b sin w;(t - 4t)

(a + b coswjAt) sin wit - b cos w;t sin w;bt

R(t) sin (wjt + 8;(t) )

and R2(t) = a2 + b2 + 2ab cos w; 8t

-b sinw, At
i

tan~}

ei(t) a + b cosw; it

The receiver will select randomly with equal probability mark or space if
the signal detected at each half bit interval has the same frequency, i.e.
f1 followed by f; or fp followed by fo. Thus the error probability is

a2+ b?+ 2ab cosw)At a2 + b2 + 2ab coswyAt
Pe = %—e a7 2c§ ' %—e - 20%

aZ + b2 + 2ab cosw;At a2 + b2 + 2ab coswyAt
+1.1.- 207 (1-%e 202 )
a2 + b2 + 2ab cosw;ht a2 + b2 + 2ab coswyAt

+ %-(l - %-e - 262 ) - %-e- 20’

L a2 + b2 ) ab cosw)At ) ab coswp At

g6 20121 [e crrz1 + e —_5;21_ ] (20)

where c% is the noise variance. Eq. (20) depends on the frequencies f] and
fo and the time delay 4t. The smallest Pe occurs when w;At and w;4t are
both an even integer multiplied by 2w, w;# wy, i.e.

1 (a + b)2
Pe: - =58 2o§ (21)

The largest Pe occurs when w;At and w4t are both an odd integer multi- *
plied by 21  wiFwy , i.e.
(a—bgz

Pe =ze 20’ (22)

aax

Assume that w; <w,without loss of generosity. Both Egs. (21) and (22)
require that (w, - wy)At be an even integer multiplied by 2w, a very un-
likely event for the assumption of a very small At. Eq. (21) is most un-
likely because it requires that wyat> hw.

For an NRZ baseband format, the error probability is



a2 + b2 + 2ab cosw;At a2+ b2 + 2ab cosw,At

-—l.]_'._ 2 _]_~_— =
Pe 5 [2 e 202 tse 202 ]
N a2 g2 ab cosw; At ab coswsbt
== 2 5 2 A
L e 202 [e o + e o2 ]

which is the same as EQ. (20) for the split-phase baseband format.

Discriminator Detection of PCM/FM. - The energy of an NRZ baseband
signal 1s concentrated over a bandwidth equal to the bit rate. The energy
of a split-phase baseband signal, however, spreads over a bandwidth equal
to twice the bit rate. The binary signal (split-phase) is filtered by a
premodulation filter with bandwidth about twice that required for an NRZ
baseband signal. If we use a periodic signal of period T to approximate
the split-phase baseband signal, then the fundamental frequency of the
split~-phase signal is also equal to twice the bit rate. And the premodu-
lation filter bandwidth is capable of passing the first harmonic. Without
multipath, the modulating signal at the output of the premodulation filter
is

ﬁ(t) = Awcoswt (23)

where w = gﬂ'. The IF filter,bandwidth is chosen in accordance with the
Carson's rule.

= +

Brp = 2(8 + 1)f

where the modulation index # is defined as 8 = Af/f. Assume that a rec-

tangular IF filter of bandwidth Brp is used, and the Gaussian shaped low-
pass filter 3dB cutoff frequency is taken as 1/T. The received signal is
approximately,

»
a-b

where ¢(t) = Aﬁ {sinwt - sin(wt - wat)] (25)

e(t) cos [wct + 21 fb(t)ﬁ+ o(t) + em(t)] + n(t) (24)

and Op(t) is the random phase jitter due to the multipath fading. The modu-
lating signal with multipath is

D (t) = D(t) + 2288 gip 8BE gip(yp - 28 (26)

a=b % 5 2

We can define the freQuency deviation index with multipath as

a-b a-h 8 3 ©9%% T

which is similar to Eq. (11). It is important to note that multipath re-
duces the frequency deviation which now depends on At and b/a. The received
signal-to-noise ratio, or the signal energy per bit to noise density ratio,
is EYT27/2H§.5 where-oi is the noise variance. = From Eq. (25),

By = B j(l - BB gin2 L )2 4 (B gy 20T 82 < g (27)

32(¢) = 282 sin? ‘”—23 (28)

Also from Eq. (25), the ratio gf thebreceived signal-to-noise ratios with
and without multipath is (1 - 2)2 + 2 32(E). If a = Ub,32(t) = 1 rad?
(maximum allowed), then the degradatfon due to multipath is a factor of

13/16 in the signal-to-noise ratio.



By the use of Egs. (15) and (16), we can write

ff“j 2 2 we

c4(t (a-b) 2ab B4sin? -2

- — [1+ —~Z ] (29)
20n 2an (a-b)
(a-b)?

where 562 is the minimum received signal-to-noise ratio and the inverse
n

of the bracket term is the '"fading depth."

The error probability consists of two parts: one due to the Gaussian
noise and the other due to the spike noise at the output of the FM dis-
criminator. The error rate analysis is the same as that of Schilling

et.al. [2] because c{t) is a deterministic waveform. The error due to the
Gaussian noise is given by

0.813 8 (B + 1

Plerror GN| +] = %— erfc m'j us jc2ét (30)
’fo(Bm) n

where

_ -0.7(B_ + 1)2
fo(Bm) = erf (0.83’((8m +1) )- 0'9h5(8m +1)e m

The error due to the spike noise is
Plerror neg. spike| +] (31)

EI—n'exp(— Lo b )+ sin aX o < s 1
b 2Un 2T e

= (0.73hk< B < L, 2k)
m

B ’77‘7
m c?(t) F
- exp(_ —2?12-1—, T .ﬁ_ 1 (Bm i 0.73!‘)
where ¥_= 0.755 [2n %IE ]1/2 , B < h.2h
b m
0 ¥ Bm > }4.2}4

The mark and the space are assumed to be equally probable. The total error
probability is the sum of Egs. (30) and (31)

The basic difference between the split-phase baseband signal and the
NRZ baseband signal is in w, and thus Bp. The modulating signal frequency
of the split-phase signal is twice that of the NRZ signal. For a given B8
and small wdt, By of the split-phase signal is slightly less than B of
the NRZ signal. Hence for a given B, the split-phase signal does not per-
form better than the NRZ signal if Bp < 0.734. On the other hand, for a
given By, Egs. (30) and (31) are also valid for the NRZ signal, and the
two signals perform the same. The spectral characteristic of the split-
phase signal, however, maskes it very attractive from the synchronization
viewpoint to be discussed later.

Predetection Diversity Combining. - Diversity combining is an effective
waY to improve the system performance in the multipath fading environments.
Combining can be performed either before or after detection and the signals
may be selected or added either linearly or in variable proportions.

Apart from the obvious advantages of operational simplicity, the predetec-
tion diversity combining exhibits lower distortion under multipath con-
ditions, because of the linear combining process, and the higher improve-
ment in the demodulated signal-to-noise ratio as compared with the post-
detection combining. Test results [1] have shown that in some areas,




post~detection combining is more effective than pre-detection combining and
vice versa. In this paper, the error rates for the predetection diversity
combining with noncoherent reception snd with the discriminator detection
of PCM/FM are considered.

First we examine the noncoherent reception of split-phase/FSK. Here,
we consider a simple case of two diversity branches. The received data is
the sum of a) sinwit + bjisinwj(t - At))+ n,(t) and a,sinwjt + bysinu;
(t - At2)+ nz(t). The combined signal is,

(a] + a; + b) coswjAt + bpeosw; Aty)sinwit - (b sinwjsty + bysinwgat,)
coswit, which has an amplitude Ry, 1 = 1,2,
Ri = (a; + a3)2 + 2(a; + a;) (b coswjat, + bycoswiat,) + b% + b2
+ gblbzcoswi(Atl ~ A tz) (32)

The noise terms nl(t) and n2(t) have the same noise powers. The result of
the noise combining is

n{t) = n,(t) + ny(t) (33)

which has twice the original noise power. Then, according to Eq. (20),
the error probabiligy is given by,
R] Rj
Pe=fle” —=7 +e ] (34)
I hcn hcﬁ

vhere R; and R, are given by Eq. (32). As expected, the smallest error
probability occurs when a; = a,, b; = by, and At; = at,. 1In this case, the
error probability is givem by

N a Zh b2 2ab cosw; At 2ab coswyAt
. = =a 2 n 2 - pi
Pepy, =T © of (e o2 + e ol ] (35)

which is a 3dB improvement in the signal-to-noise ratio as compared with
Eq. (20).

Next we shall examine the discriminator detection of PCM/FM. Consider
two multipath fading signals,

cy(t) cos [ut + 8 (t) + a%bq,l(t) + 2nf f)l(t)dt]

and cp(t) cos [ut + 8 (t) + ;‘E’ﬁ‘bz(t) + 2nf D,(t)at]

where¢i(t) and D;(t) have the time delsy 4t; and¢,(t) and D,{t) have the
time delay At,. To simplif the analysis, assume At; = At, so that
$1{t) = ¢,(t) = ¢(t) and Dy(t) = D,(t) = H(t). The combined signal is

b

c(t) cos lust + 8 (t) + —=5 ¢(t) + 2ns D(t)dt
_y Cosin (sz - eml)
*oren ¢y + cy cos (am2 - Bml)] (36)
FEETE oe) = [ef(t) + c3(t) + 2eiftipicos (g, -g ) (31)

The noise jitters due to the multipath fading, Om; and 6p, have the same
statistical characteristics and they beth are small. Hence



c, sin (8m2 - Gml) i cz(emz - gﬂ )
t + os (6 - B + -
an ¢y + cp cos ( i aml) ¢, + c, cos (6m2 emi)

which has a nearly zero mean value and a variance given approximately by,

€2,

2 L 2
E(Ecl + Cz)) c"911’11 : 2 cﬁml

The received signal is then, from Egs. (36) and (33),

b -
c(t)cos[wct + em(t) * =% ¢(t) + 2nf D(t)at)+ n(t) (38)
where col6 - 8_.)
em(t) - Bml(t)+ el +mzz c6§}(am2 - omlj

is still a random phase term. Thus we have exactly the same form of the
signal-ps-noise expression as Eq. (2L4) except that c(t) and n(t) are now
different. Letui be the noise variance of n;(t) or ny(t). The received
singal-to-noise ratio is

ﬁ;(rt— %—Uz[ c1(t) + ca(t) )Z - T (t)cg(t) ofn |

n n

Ter(o) + ep(0) )2
<

Lo
n

(39)

The largest improvement in the received signal-to-noise ratio is obtained
when c1(t) = cp(t). The maximum (but unattainable) improvement is a factor
of 2(3dB) by using the predetection IF diversity combining with two diver—
sity branches. The error probability can be written by inspecting Egs.
(30) and (31) as

0.8138 [B + 1
Pe = % erfec ml = /E:@

B
m czgt) . ©F 2
ﬂ exp (- on ) sin o7 0< T 1

(ko)

|a

+ (0.734 < B < L.2b)
m c?(t F
— exp (- 'Ei—), 721 (8 <0.734)

where B_ and c2(t)/4o? are given by Eqs. (27) and (39) respectively.

In bOth Egs. (34) 8nd (L), we have noted that the maximum but prac-
tically unattainasble improvement by using two predetection diversity com-
bining branches is 3dB in the signal-to-noise ratio. For a very small At,
such improvement can be closely obtained. The two simple cases discussed
in this section fully illustrate the effectiveness of using the predetec-
tion diversity combining against the multipath fading that arises in the
telemetry data transmission.

Synchronization Study. - Loss of synchronization occurs frequently in
the test record [1] of the 4. Kb/sec split-phase PCM/FM. From the syn-
chronization viewpoint we can show that the split-phase baseband format is




better than the NRZ format. The power spectra of PCM/FM with NRZ and the
split-phase baseband signals have been examined by the author (3). Unlike
the NRZ format, the split-phase PCM/FM spectrum has a discrete component
centered at the carrier frequency. The existence of this carrier makes
it easier for frequency acquisition and tracking. Futhermore, this carrier
may be removed from the modulated signal by a narrow-band filter and used
for frequency synchronization. The forced transition at every bit period
of the split-phase baseband format results in more average number of zero
crossings as compared with the NRZ format. Thus a lower error rate in bit-
sync is expected with the split-phase format. Practically various tech-
niques are available to operate so well that we can assume that the data
degradation caused by the synchronization process is negligible. A possi-
ble exception is the "deep fade" case at which the received signal strength
is so small that a second-order phase-locked loop may "track" the noise to
frequencies outside the puwll-in range. The deep fade may occur when the
change in the time delay is the largest and the strengths of the direct
and the indirect waves are comparable.

When the range is the smallest, the change in the time delay is the
largest since

dat _ constant dR

dat RZ at
which is inversely proportional to the square of the range. Thus, in con-
sistent with the test record [1], the communication link drops in and out
of synchronization more often at a closer range than at a locnger range.

Suggested Methods of Data Improvement. - We have shown through a simple
model that the multipath interference due to the earth scattered (indirect)
signals can have serious effects on the telemetry data transmission. So
the multipath effects must be taken into consideration in mission
planning. Our model suggests the following three posibilities {1] to
improve the data: (1) Fly the aircraft at sufficiently low altitudes that
the time delay due to multipath is only a small portion of the bit period
if the link is a pure PCM. For a given information bandwidth and time
delay, the required bit period may be fairly large {which implies a low
data rate telemetry). We mey run into the wideband case, i.e. the in-
formation bandwidth 2nd the bit duration product is greater than unity If
we can reduce the time delay, then the system can operate at a higher data
rate. For the continuous FM system, the time delay must be a small frac-
tion of the period of the highest subcarrier frequency. (2) Attempt to
keep the first entenna null in the direction of the indirect wave. (3)
Use simultaneous right and left hand circular polarization with predetec-
tion and/or post-~detection real time combining. There are other possi-
bilities that may not be as effective as mentioned above. For example,
we can use the narrow-band filter technique to suppress the multipath
effect in a narrow-band channel. But the indirect wave is centered at the
same carrier frequency as the direct wave. The indirect wave cannot be
removed by the filter without decreasing the direct wave signal power.

Concluding Remark. - Specular component is much more important than the
diffused components in a typical multipath problem. The simple model em-
ployed in this paper takes into account the specular component only. The
error performance evaluated in this paper should serve as an important
lower bound of the actual performance in the multipath environment. This
model is particularly feasible for the telemetry systems considered in this
paper. And the analysis based on this model fully verifies the test results.
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