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Experimental data describing the statistics of microwave depolar-
ization during multipath fading have been obtained from a propagation
experiment conducted near Atlanta, Georgia. The experiment included
6- and 11-GHz reception on a 26.4-mile path, and 11-GHz reception
on a 15.9-mile path. A theoretical model, suggested by T. O. Mottl, in-
dicates that the interference occasioned by depolarization for a given
copolarized signal level is Rice-Nakagami distributed. The theoretically
calculated distribution agrees well with the data. The cross-polarization
interference consists of a signal-level-dependent component as well
as a residual that is independent of the in-line signal level. The residual
is Rayleigh distributed with an rms value about 40 dB below the non-
faded in-line signal level, and limits the multipath fade margin of a
cochannel dual-polarized digital radio to approximately 30 dB. Cal-
culated multipath outage probabilities for cochannel, dual-polarized,
11-GHz, quaternary-coherent-phase-shift-keyed digital radios with
and without space-diversity protection are presented.

1. INTRODUCTION

Maintaining adequate cross-polarization discrimination (XPD) is
important to both analog and digital radio transmission systems. For
analog radio and single polarization digital radio, adequate XPD allows
reduction of frequency separation between cross-polarized, adjacent
channels to increase the transmission capacity. This is known as inter-
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Fig. 1—Path layout, frequencies, and antennas for microwave propagation experiments
near Atlanta, Georgia.

stitial operation in channel allocation of analog radio. Some digital radio
may also rely on XPD to achieve high transmission capacity by a two-
channel-per-frequency allocation in which both orthogonal linear po-
larizations in the same frequency band are employed as two independent
transmission paths.

References 1 to 5 indicate that XPD can degrade significantly during
multipath fading. Therefore, statistics of XPD during multipath fading
are needed to assess the performance and reliability of both analog and
digital radio. Section II of this paper describes a propagation experiment,
the measured data, and a theoretical model for microwave depolarization
during multipath fading. Section III applies these results to calculate
the multipath-caused outages of dual-polarization 11-GHz quater-
nary-coherent-phase-shift-keyed (QCPSK) digital radio. A companion
paper® by T. O. Mottl gives greater details on outage probabilities of
QCPSK digital radio.

Il. MICROWAVE DEPOLARIZATION DURING MULTIPATH FADING

2.1 Introduction

Section 2.2 describes microwave propagation experiments; Section
2.3 presents multipath fading and associated depolarization statistics
including cumulative amplitude distributions, number of fades, and
average fade durations. Section 2.4 discusses a theoretical model, sug-
gested by T. O. Mottl,8 to describe the behavior of XPD during multipath

fading.
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Table | — Path parameters of microwave propagation
experiments near Atlanta, Georgia

Path (vxp) rms Transmit-
Length when te'.'
——  Freqq ViL=0dB K ¢ Polariza-

Path Miles Km (GHz) (dB) (dB) (dB) tion r
Atlanta-Palmetto 26.4 42.5 6.031 —256.9 —25.9 —47.6 Vertical 0.13
Atlanta-Palmetto 26.4 425 11.605 —-19.5 —19.6 —36.3 Vertical 0.4
Villa Rica- 15.9 25.6 11.465 —42.7 —46.2 —45.3 Vertical 0.015

Palmetto

r = Multipath fade occurrence factor defined in eqs. (32) and (33).
Usp = IkUIL + ee”’|

2.2 Microwave propagation experiments

Figure 1 displays the path layout for the Palmetto propagation ex-
periment. Two vertically polarized signals with frequencies of 6.031 and
11.605 GHz are transmitted over the 26.4-mile path from Atlanta to
Palmetto, and one vertically polarized signal with a frequency of 11.465
GHz is transmitted over the 15.9-mile path from Villa Rica to Palmetto.
At Palmetto, the common receiving site, the levels of both vertically and
horizontally polarized received signals are recorded.

Both the transmitter and the receiver on the Atlanta-Palmetto path
employ standard Bell System horn reflector antennas, waveguides, and
channel separation networks.”® Circular waveguide (WC281) simulta-
neously supports both polarizations of the 6-and 11-GHz signals. On the
Villa Rica-Palmetto path, a standard Bell System horn reflector antenna,
waveguide, and network are used to transmit the 11-GHz signal. The
11-GHz receiver at Palmetto utilizes a 6-foot dish antenna with two el-
liptical waveguides to separately carry two orthogonally polarized re-
ceived signals.

The measured cross-polarization discrimination (XPD) obtaining on
these paths during nonfading periods is listed in Table I. The best per-
formance is 42.7 dB on the 11-GHz Villa Rica-Palmetto path; the worst,
19.5 dB on the 11-GHz Atlanta path. Poor XPD on the 11-GHz At-
lanta-Palmetto path is believed due to the 4- and 6-GHz channel-sepa-
ration networks at both transmitting and receiving ends, as well as the
fact that this link requires quite long waveguides (see Table II).* The
WC281 waveguide is an overmoded guide at the 11-GHz frequency,
which supports 21 higher-order modes in addition to the desired fun-
damental.? Slight imperfections on this long (see Table I) waveguide run
can cause mode coupling with resultant depolarization.!® The imper-

* The high fill of radio traffic on this link limits opportunity to study the hardware
impact on 11-GHz XPD.
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Table Il — Waveguide types and lengths

Waveguide Waveguide
Station Length (ft) Type
A. Atlanta-Palmetto Path
Atlanta 75 EW-107
15 WR-90
20 WC-281
Palmetto 54 EW-107
5 WR-90 Flex-guide
300 WC-281
B. Villa Rica-Palmetto Path
Villa Rica 85 Elliptical
21 WR-90
170 WC-281
Palmetto 80 Elliptical

fections in antennas, antenna misalignment, and channel-separation
networks also contribute to depolarization.

In the following, the in-line signal refers to the received (vertically
polarized) signal which is “in-line” with the transmitted signal; the
cross-polarization interference refers to the received horizontally po-
larized signal which is orthogonal to it.

2.3 Experimental Data

The experimental data obtained during the 6.5-month period from
August 15, 1974 to February 28, 1975 have been processed.

2.3.1 Statistics of in-line signals

The measured statistics of multipath fading of the in-line signals are
shown in Figs. 2, 3, and 4 for the cumulative amplitude distribution, the
number of fades, and the average fade durations, respectively, as func-
tions of fade depth.

In the deep-fade region (=20 dB), the slopes of the distributions in
Figs. 2, 3, and 4 are consistent with the theoretical distribution for deep
fades.!1-14 The cumulative amplitude distribution has an inverse slope
of 10 dB per decade of probability, the number of fades has an inverse
slope of 20 dB per decade of number of fades, and the average fade du-
ration has an inverse slope of 20 dB per decade of duration.

2.3.2 Stalistics of cross-polarization interference

Let vi(t) and vyp(t) be the time varying amplitudes of the in-line
signal voltage and the depolarized (interference) voltage, respectively,
both normalized to the nonfaded in-line signal voltage. The cross-po-
larization discrimination (XPD) can be written as

XPD = 20 logio(viL/vxp), dB (1)
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Fig. 2—Measured 6.5-month data (August 15, 1974 to February 28, 1975) on the cu-
mulative amplitude distributions of in-line signals during multipath fading.

= VIL - pr; (2)
where
V1L =20 logiovr, dB (3)
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Fig. S—Measured 6.5-month data (August 15, 1974 to February 28, 1975) on number
of fades of in-line signals during multipath fading.

is the time-varying, in-line signal level in dB with respect to its nonfaded
level, and

Vip = 20 logiovsp dB (4)

is the time-varying, depolarized component of the signal measured (in
dB) with respect to the nonfaded level of in-line signal.

Figure 5 shows fluctuations of Vi, and V., measured on the 11-GHz,
Atlanta-Palmetto path during a typical nonfading hour. Both Vi, and
V. scintillate but approximately 20 dB of XPD is maintained. Figure
6 shows the behavior of Vyr, and V,p during a multipath fading hour. In
the 40-minute period from 8:00 a.m. to 8:40 a.m., the variations of VL
and V,, appear to be relatively well correlated. However, at 8:44 a.m.,
V1 suffers a 35-dB fade, whereas V., undergoes only a 15-dB fade (from
—20 dB to —35 dB), thereby degrading the XPD to 0 dB. In other words,
at this moment, the signal received at the cross-polarized feed (inter-
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Fig. 4—Measured 6.5-month data (August 15, 1974 to February 28, 1975) on average
fade durations of in-line signals during multipath fading.

ference to a signal normally transmitted with horizontal polarization
that has faded with the same amount as V1L) is as strong as the desired
horizontally polarized in-line signal and will prevent useful transmission
of data over the channel; hence, an outage is caused to a 2-channel-
per-frequency-assignment digital radio. Figure 7 shows another example
of depolarizing fading on the 11-GHz, Villa Rica-Palmetto path.

Although rain also causes depolarization, the measured XPD is gen-
erally better than 10 dB, even during rain fades in excess of 40 dB. De-
polarization during multipath is therefore considerably more serious
than rain-caused depolarization in Western U.S.A., where rain-caused
outage is not the dominant controlling factor on radio-system reliabili-
ty.
Figures 8 through 10 display the rms value of v,, conditioned to the
fade depth of the in-line signal vyy.. In the shallow fade region (i.e., Vi,
=z =10 dB), (Vip)rms decreases almost linearly (dB by dB) with Vi
whereas in the deep-fade region (i.e., Vi1, < —20 dB), ( Vip)rms ap-
proaches a residual level, becoming independent of Vy, as Vi, decreases.
The residual depolarized component in these three sets are between 37
and 50 dB below the nonfaded in-line signal level.

Figures 11 through 13 show the probability distributions of Vips
conditioned to a given fade depth of in-line signal, plotted on Rayleigh
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Fig. 5—Scintillations of in-line signal and cross-polarization interference on the 11-GHz
26.4-mile ll\)dath (Atlanta-Palmetto) during a nonfading hour—August 28, 1974; 12:00 A.M.
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probability paper. For deep fades of in-line signal (i.e., Vi, = —30 dB),
the probability distributions of V., are approximately Rayleigh. This
Rayleigh distribution of V,,, conditioned to deep fades of in-line signal,
was reported earlier in Ref. 1.

The solid lines in Figs. 8 through 13 are calculated results from a
theoretical model discussed in the next section.
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Fig. 6—Fading behavior of in-line signal and cross-polarization interference on the
11-GHz 26.4-mile path (Atlanta-Palmetto) during a multipath fading hour—August 23,
1974; 8:00 A.M. to 9:00 A.M.
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11-GHz 15.9-mile path (Villa Rica-Palmetto) during a multipath fading hour—November
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2.4 Theoretical model

Based on early observations similar to those displayed in Figs. 6
through 10, Mottl® suggests decomposition of the cross-polarization
interference v,p into two components:

Uzp = |kop, + ee/?|, (5)

where k is a proportionality constant, and ¢ is the relative phase between
the proportionate component and the residual component.

For shallow fades of the in-line signal, v, is dominated by kvyy,, and
decreases linearly with vy.. During deep fades of the in-line signal, v,
is dominated by ¢, which is independent of vyr.. During deep fades of
in-line signal, the probability distribution of v, is essentially that of e.
The data in Figs. 11 through 13 indicate the conditional distribution of
Usp. It is seen that ¢ is approximately Rayleigh, a single parameter dis-
tribution uniquely determined by its rms value. The rms values, €.,
are obtained from the measured distribution of v,, during deep fades
of vy, and they range from —36 to —48 dB, as listed in Table 1.

For a given in-line signal level, eq. (5) indicates that v, consists of a
constant vector [i.e., kvy] plus a Rayleigh vector. Such interpretation
immediately implies that, for a given in-line signal level, the cross-po-
larization interference, v.p, is Rice-Nakagami distributed.!5-17 In other
words, the conditional distribution of v,, can be written as

P(vxp = alor) = f " p(Uxp|v1L)dvsp, (6)

MICROWAVE DEPOLARIZATION 653



IN—LINE SIGNAL, V1, INdB
—40 =30 =20 —10 0
| I 1 |

|
|
=)

RMS VALUE OF CROSS-POLARIZED INTERFERENCE IN dB

THEORETICAL CALCULATION— __

~
~

CONDITIONED TO IN~LINE SIGNAL ON ABSCISSA

MEASURED DATA.._\ —1-40

~
~

o 00,0

—-50

Fig. 8—Dependence of rms value of cross-polarization interference on in-line signal level
measured on the 6-GHz 26.4-mile path (Atlanta-Palmetto); measured 6.5-month data
(August 15, 1974 to February 28, 1975).

where

20 vip + k2?2 20, pkU
p(prlvlL) = [E_;E exp — (——PEQ—IL)] [IO ( J;QE lL)] 7
and Io(~) denotes the modified Bessel function of zeroth order. Based
on the well-known properties of this Rice-Nakagami distribution,'>-17

it is easily shown that

[pr (U[L)]rms = [k 20121. + e?msl 1/2 (8)
from which,
1
k= = {[0xp (011 Foms — €lmef1/2 ©
UL

for any vyy,, where v (v11.) denotes v, conditioned to a given vyp. This
equation shows that the proportionality constant k in eq. (5) can be

654 THE BELL SYSTEM TECHNICAL JOURNAL, MAY-JUNE 1977



IN—LINE SIGNAL, V., IN dB

—40 —30 —20 —10 0
! T I I

1
|
=1

|
~nN
(=]

THEORETICAL CALCULATION— __

~
~

MEASURED DATA __

]
|
w
a

o 9Qns000
[s]

RMS VALUE OF CROSS—POLARIZED INTERFERENCE IN dB
CONDITIONED TO IN-LINE SIGNAL ON ABSCISSA

|
|
B
o

50

Fig. 9—Dependence of rms value of cross-polarization interference on in-line signal
measured on the 11-GHz 26.4-mile path (Atlanta-Palmetto); measured 6.5-month data
(August 15, 1974 to February 28, 1975).

calculated from measured values of [vp(U11.)]rms and €rms. For example,
the data in Fig. 9 for the 11-GHz Atlanta-Palmetto path indicate

[Usp (1L = 0 dB)];ms = —19.5dB (10)
and
érms = [Uxp (U1, = 30 dB)];ms = —36.3 dB. (11)
Substituting (10) and (11) into (9) yields
k =0.105 (12)
from which
K =201log1o & =—19.6dB. (13)

Table I lists estimated values of K for all three sets of data.
The Rice-Nakagami distribution (7) for v, is completely determined
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data (August 15, 1974 to February 28, 1975).

by two parameters: :m; and k. Since these two parameters are obtained
from the measured data, the Rice-Nakagami distribution of v, for any
viL can be calculated. Figures 11 through 13 show that the theoretical
distributions (solid lines) calculated from the two parameters (e;ms and
k) agree very well with the measured data.

Similarly, eq. (8) indicates that [v,p (V1L)]rms for any vy, is also com-
pletely determined by the same parameters: e;ms and k. Figures 8 through
10 show that the theoretical dependence of [vxp(v1L)]rms calculated by
eq. (8) also agrees closely with the data.

At the present time, the physical interpretation of the theoretical
model (5) is speculative. The proportionality constant & may be related
to antenna alignment, imperfections in the antennas, the waveguides,
or the channel-separation networks (designed for transmission of the
fundamental mode). In other words, the proportional component, kv,
may be controllable by reducing these imperfections. On the other hand,
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the Rayleigh distribution of the residual cross-polarized component, ¢,
suggests that ¢ may represent the sum of many small depolarized com-
ponents due to, say, foreground scattering,* the antenna cross-polar-
ization response to off-axis incoming rays, or the excitation of higher-
order modes in the waveguides by the off-axis incoming rays.!

For successful isolation of the two information channels of a dual-
polarized digital radio system, it is reasonable to expect that

K=20 lOglok =-20 dB. (14)

Since the correlated component, kuyy, of cross-polarization interference
always fades simultaneously with the desired signal and maintains a
carrier-to-interference ratio (CIR) of 20 dB or better, the degradation
of radio fade margin due to the correlated components, kvyy, is quite

* In the multipath propagation condition, the relative amplitudes and phases of the
foreground scattered components are quite different from those of direct paths. Therefore,
the hsum of foreground scattered components is decorrelated from the sum of the direct
paths.

t Waveguide imperfections may couple depolarized components through higher-order
modes. Since these are dispersed®1? in the circular waveguide and antenna responses to
off-axis incoming rays are mode-dependent, their sum is decorrelated from vyy..
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6.5-month data (August 15, 1974 to February 28, 1975).

small, say 2 dB or less. On the other hand, the residual cross-polarization
interference ¢, being independent of the desired signal, will limit fade
margin. For example, for a typical 11-GHz digital radio, the thermal noise
is about 60 dB below the nonfaded signal, whereas e, is only about 40
dB below the nonfaded signal (see Table I). Therefore, the residual
cross-polarization interference may reduce the fade margin by as much
as 20 dB and greatly increase the “multipath caused” outages.

ill. MULTIPATH OUTAGES OF DUAL-POLARIZATION, 11-GHz, PHASE-
SHIFT-KEYED DIGITAL RADIO

3.1 Introduction

Section 3.2 presents a model for the performance of quaternary-co-
herent-phase-shift-keyed (QCPSK) digital radio subjected to interference
and noise. Section 3.3 outlines the procedure and states the assumptions
needed for calculation of multipath-caused outage probabilities of
dual-polarization, 11-GHz, QCPSK digital radio. Section 3.4 summarizes
the results of outage calculations.
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Rain-caused outage probabilities of 11-GHz radio is treated else-
where.20:21 This paper, therefore, treats only multipath-caused out-
ages.

3.2 Digital radio model

We model the cochannel, dual-polarization, 11-GHz digital radio as
a QCPSK system corrupted by complex gaussian noise with one major
interference representing the depolarized component of the cochannel
cross-polarized signal.

Both noise and interference cause digital transmission errors. Figure
14 shows the relationship between the carrier-to-noise ratio (CNR) and
carrier-to-interference ratio (CIR) for a fixed bit-error-rate (BER). In Fig.
14 the circles represent the measured performance® of a prototype
QcPsK digital radio; the solid lines are approximations described by

CNR CIR + A CNR,

10 10 10

10 + 10 =10 ) (15)
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or equivalently,

_ CNRq _CNR
10 10

CIR = —10 logyo {10 - 10 - A, (16)

where
_ (134 dB for BER = 1073 (17
“ [17.4 dB for BER = 106 (18)

and

_ (3.8dB for BER = 1073 (19)
‘4.8 dB for BER = 1076 (20)

Equation (15) means that for a given BER threshold, the interference
power reduced by A dB plus noise power is a constant. In other words,

660 THE BELL SYSTEM TECHNICAL JOURNAL, MAY-JUNE 1977



the QCPSK radio system is more resistant to interference than to noise
by A dB.

The probability of outage of the QCPSK radio for a given BER threshold
is simply the integral of the joint CNR, CIR probability density function
over the two-dimensional region lying below the BER threshold curve
in Fig. 14. This double integration is carried out by egs. (27) and (31) in
the next section.

3.3 Outline of the outage estimation procedure

(a) The nonfaded carrier-to-noise ratio, CNRnr, for a reference 25-
mile hop length is assumed to be 67.4 dB.22
(b) The dependence of CNRnF on hop length D is

CNRNr(D) = CNRNnp(Do) — 20 log BD— (21)
0
where
Dy = 25 miles. (22)
(¢) With the desired, in-line signal faded « dB, the effective CNR(D)
for path length D is:
CNR(D) = CNRynp(D) — a, (23)

where
a = —20 log,ovyL, dB. (24)

(d) For a given BER (say 10~3) at outage threshold, the CNR versus
CIR curve in Fig. 14 means that the cross-polarization interference, v, ,,
at outage threshold is a function of in-line signal level, vf,. By combining
eqs. (15), (23), and (24), it can be shown that

_ CNR, CNRNF —a 1/2 A

10 10 20
Urpo(UmL) = v, { 10 -10 10 . (25)

(e) For a given in-line signal level, the probability of outage is

P(outage|vyr) = P(yp = Uxpo|v1L) (26)

= p(pr I UIL)dvxp; (27)

Uxpo

where p(v.p|viL) is given by eq. (7).
(f) The distribution of the in-line signal, vy, without diversity pro-
tection is assumed to be Rayleigh, i.e.,

p(om) = 2opevk. (28)
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(g) The distribution of the in-line signal, vy, with space diversity and
selective switching ig23-24

8uL VIL [ 2pzuyy, ] z2 + 1)12[_,
- b (Y2,0) o= (2,00
p(viL) T J; z|Ip 1— 2 exp 1= dz

(29)

where p? is approximately equal to the correlation coefficient between
the two input signals received from the space-diversity antenna pair.?®

The dependence of p? on antenna spacing S is obtained empirically
252627

S2f
2=1-7TX10"5—, 30
p D (30)
where
S = antenna center-to-center separation in feet,
f = radio frequency in GHz,
D = path length in miles.

Strictly speaking, assumptions (f) and (g) are valid only for the deep-fade
region, but not the shallow-fade region. However, outages occur mostly
in the deep-fade region (see Figs. 15 and 16), therefore, assumptions (f)
and (g) are acceptable for outage calculations.

Notice that the selective-switching scheme always connects the re-
ceiver to the better one of the two input signals and is an idealized switch.
In practice, there are many different ways of utilizing the two input-
diversity signals. For example, threshold-blind switching provides less
improvement, whereas equal-gain combining or maximum-ratio com-
bining provides more improvement than the selective switching.!?
Furthermore, a digital radio may be caused to switch at a given error-rate
threshold rather than through the signal amplitudes of the two input
signals. In this paper, we use selective switching for ease of computation
and thus provide only an estimation of feasible diversity improvement.
A full-scale investigation of various diversity-protection schemes is be-
yond the scope of this paper.

(h) The total outage probability is

Poutage = j; P(outage|vw)[p(viL)dun]

= ﬁw P(vyp = Uxpo|vm)[p(viL)dvn] (31)

and the total two-way outage time is

Toutage = 2rToP outage minutes/year, (32)
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Fig. 15—Dependence of one-way outage probability density function on multipath fade
depth of in-line signal of 11-GHz QCPSK radio on a 15.9-mile path with and without
space-diversity protection.

where Ty = 525,600 minutes is the total annual time and r is the multi-
path occurrence factor,427 which depends on many factors such as radio
frequency, path length, path terrain, and geographic location. Figures
15 and 16 show the integrand, [P(outage|v.)p(viL)], as a function of fade
depth of the in-line signal. Most outage occurs at about 12 dB above the
rms power level (i.e., 20 log1o€ms) Of the residual cross-polarization in-
terference e. This is because QCPSK radio needs at least 10 dB of CIR at
BER = 1073 and the correlated component, kv, of cross-polarization
interference adds another 2-dB requirement. Therefore, the “effective
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outage threshold” of dual-polarization QCPSK radio is approximately
12 dB* above €5 For example, the 26.4-mile path has an effective fade
margin of only 25 dB.

Notice that the thermal noise is 67 dB below the nonfaded signal level
whereas this outage threshold for the 26.4-mile path is only 25 dB below
the nonfaded signal level. Therefore, “multipath caused” outage of
dual-polarization radio is strongly controlled by erms.

(i) According to assumptions (f) and (h), the distribution of vy, in the
deep-fade region is

T(n =L) =rToL2for L 0.1, (33)

where T'(vr, = L) denotes the accumulated time per year that vy, fades
below L. The value of multipath occurrence factor, r, can be determined
empirically by fitting eq. (33) to the measured data on T(vn, = L). The
estimated values of r for a 15.9-mile path and a 26.4-mile path near At-
lanta, Georgia are given in Table I.

3.4 Resulis

To calculate outage probability of a radio path, we need the parame-
ters: r, k, and e;ms on that path. At the present time, these parameters
are available only for two paths (15.9 and 26.4 miles—see Table I)
measured near Atlanta, Georgia. This limits our calculations to these
two particular path lengths only. The linear interpolation between these
two paths lengths in Figs. 17 through 19 gives a crude estimate of outage
probabilities for intermediate path lengths.

3.4.1 Effect on dual-polarization transmission

Figure 17 displays the calculated outage probabilities w1th0ut. diver-
sity protection. The upper curve represents cochannel dual-polarization
transmission, whereas the lower curve represents idealized single-po-
larization performance without cross-polarization interference and
without adjacent channel interference. It is seen that the impact of a dual
channelization is three orders of magnitude increase in multipath outage
time. This is because the residual cross-polarization interference érms
is 30 dB higher than the thermal noise.

However, the idealized single-polarization performance, represented
by the lower curve in Figure 17, is academic in that the impacts of ad-
jacent channel interferences and channel dispersion during multipath
fading are neglected, resulting in more than 54 dB of multipath fade
margin. For a practical single-polarization-per-frequency digital system,

* 16 dB for BER = 1078,
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the adjacent channel interferences and channel dispersion will limit the
multipath fade margin to less than 35 dB and significantly increase the
multipath outage time with reference to the idealized curve.

3.4.2 Space-diversity improvement

Figure 18 displays the reduction of multipath outage time through
the use of space diversity. With 50-foot antenna spacing, the outage time
is reduced by one order of magnitude for the 26.4-mile path and two
orders of magnitude for the 15.9-mile path. The diversity improvement
factor achieved by the dual-polarization digital radio is generally much
smaller than we familiarly associate with a single-polarization analog
radio.2426.27 This is because the dual-polarization digital radio has an
effective fade margin of only 20 to 30 dB, whereas single-polarization
analog radio generally provides a fade margin of 35 dB or more. Diversity
improvement is proportional to fade margin.

3.4.3 Effect of error-rate requirement

Figure 19 shows that tightening the BER requirement at outage
threshold from 10~3 to 10~ increases the outage time by a factor of 6,
even with diversity protection. This sensitivity is related to the steep
inverse slope, 5 dB per decade, of fading probability of a dual-diversity
signal.!2 Tightening the BER from 1072 to 107° is equivalent to 4 dB (i.e.,
16 to 12 dB) loss of effective fade margin.

3.4.4 Effecis of ¢,ms and k of interference

Figure 20 indicates that the outage probability is extremely sensi-
tive to the power level, €:ms, of the residual cross-polarization interfer-
ence. A 10-dB decrease in e;ms will reduce outage probability by two or-
ders of magnitude. Again, this is related to the steep, inverse slope of 5
dB per decade of fading probability for a dual-diversity signal.

On the other hand, Figure 21 shows that the outage probability is
practically independent of the correlated components (kvyL) of cross-
polarization interference as long as 20 log;ok = —30 dB. This is intuitively
obvious because this component of CIR is constant. As long as CIR = 30
dB, the interference has negligible effect on QCPSK radio (see CNR versus
CIR curve in Fig. 14). In practice, this means it is of questionable benefit
to improve XPD of a radio link beyond 30 dB, during periods of normal
propagation. The controlling factor on outage time is the residual
cross-polarization, ¢, which is typically 10 dB or more below kv, and is
almost unobservable during a nonfading period. Therefore, the under-
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standing and identification of major contributors of the residual cross-
polarization interference e are important subjects for future study.

3.4.5 Effect of thermal noise

The effects of varying CNRnr on outage probability are shown in
Fig. 22. Since CNR,, = 13.4 dB, at BER = 1073, assumption (a) implies
a 54-dB fade margin* in the absence of the interference.?? Figure 22
shows it is also not of benefit to suppress the thermal noise level below
the level, exms — A, of residual cross-polarization interference as far as
multipath outage' is concerned. As long as the noise level is below €rms
— A, the multipath outage is controlled by €. and is independent of
noise level.

3.5 Some qualifications
3.5.1 Effect of channel dispersion during multipath fading

A quaternary PSK signal is equivalent to two streams of binary PCM
signals, each phase modulating a carrier of the same frequency, but with
* The fade margin is reduced to 48 dB during rain because of 4-dB wet radome atten-

uation and 2-dB degradation by rain-induced depolarization.
t On the other hand, reducing the noise level will reduce rain-caused outage time.
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Fig. 22—Effect of reducing thermal noise level on the multipath two-way outage
probability of 11-GHz dual-polarization QCPSK radio—with space diversity, 50-foot an-
tenna spacing, and 26-mile path length.

90-degree phase shift.22 Therefore, cochannel dual-polarization QCPSK
radio requires the following two orthogonalities for successful trans-
mission:

(i) Polarization orthogonality between the cochannel pair.
(if) Phase orthogonality between the two streams of binary PSK sig-
nals.

Multipath fading, with channel dispersion, will degrade both polarization
and phase orthogonalities. At the present time, our understanding of
degradation of phase orthogonality during multipath fading is insuffi-
cient for outage calculations. Therefore, the possible outages due to
crosstalk between the two orthogonally phased carriers are unaccounted
for in this paper.

3.5.2 Limitation of available path parameters

All the calculations in this report are based on measured path pa-
rameters: r, k, and e, pertinent to two paths near Atlanta, Georgia.
The variations of £ and ¢, parameters with time base, path length, and
geographic location are not understood.
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3.5.3 Relationship between CNR and CIR

The CNR versus CIR relationship for QCPSK radio (Fig. 14) is based
on presently available hardware technology. This behavior is several dB
poorer than the idealized relationship in Refs. 28 and 29. Future ad-
vances may improve this behavior and reduce the outage time.

IV. CONCLUSION

A microwave propagation experiment near Atlanta, Georgia has
provided statistics describing depolarization during multipath fading
at 6 and 11 GHz on two paths (15.9 and 26.4 miles). Data gathered over
a 6.5-month period have been processed and presented. These data are
supportive of a model in which the depolarized signal (interference)
consists of a component correlated with the in-line signal, and a residual
component independent of the in-line signal. The residual component
is Rayleigh distributed with a typical rms value about 40 dB below the
nonfaded in-line signal. The cross-polarization interference, conditioned
to a given in-line signal level, is Rice-Nakagami distributed. The calcu-
lated Rice-Nakagami distribution fit these 6.5-month data very close-
ly.

The experimental data and theoretical model are applied to estimate
the multipath outage probability of cochannel dual-polarization 11-GHz
QCPsK digital radio affected by thermal noise and cross-polarization
interference during multipath fading. Detailed results are given in
Section 3.4.
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