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I

Theoretical Analysis of Synergistic Effects Using Space
Diversity Reception and Adaptive Equalization in Digital

Radio Systems

SUMMARY The synergistic effects obtained by adopting
both space diversity reception and adaptive equalization play a
very important role in circuit outage reduction. This paper
quantitatively analyzes these synergistic effects when dispersive
and flat fading occur simultaneously. Analytical results show
that the synergistic effects are of the same magnitude as the
adaptive equalizer improvement factor when only dispersive
fading causes outage. The synergistic effects gradually disappear
when noise is the predominant cause of outage.

key words: digital radio, composite fade margin, space diver-
sity, equalizer, synergistic effect

1. Introduction

High capacity digital microwave radio relay systems
using high level modulation are advantageous in
achieving a high level of reliability and various trunk-
link networks. One problem experienced in these
digital radio relay systems is the decrease in receiving
power due to fading. Another problem has been the
bit errors caused by waveform distortion due to disper-
sive fading [1]-[3].

To overcome these problems, a number of correc-
tion techniques, such as space diversity reception (SD)
and various types of adaptive equalizers (EQ) have
been developed [4]-[6]. To determine circuit perfor-
mance objective, it is important to estimate the degree
of improvement in outage probabilities when these
" correction techniques are used.

The performance improvement achieved when the
correction techniques of space diversity and adaptive
equalization are used jointly is different from the sum
of individual improvements, and such an effect is
called the synergistic effect. Pertaining to this effect,
field experiments and some investigations for various
fading conditions such as amplitude and the delay time
of interference rays, have been reported [7]-[10].
However, analytical investigation of only dispersive
fading has been conducted [11].

The circuit design of digital microwave radio
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relay systems using SD and EQ requires a method for
estimating the degradation caused by mnoise and
waveform distortion. In order to estimate waveform
distortion and noise using the same measure, the
influence from waveform distortion should be convert-
ed into an equivalent noise level.

This paper describes an analytical investigation of
the synergistic effects using a frequency coefficient [12].
The calculations for circuit outage probability are
based on the concepts of flat fade margin, the disper-
sive fade margin, and composite fade margin proposed
by Rummler [8]. In order to calculate the dispersive
fade margin, we use the concept of inband amplitude
dispersion probability and allowable inband ampli-
tude dispersion [2].

2. Method for Calculating the Synergistic Effect

The synergistic effect is defined as follows:
Synergistic effect &

[Outage probability improvement
obtained by SD and EQ] 1)
{Outage probalility improve-}
ment obtained by SD
_[Outage probability improve-}
ment obtained by EQ

A block diagram of the system studied is shown in
Fig. 1. The procedure for estimating the synergistic
effect is described below.
(1) The outage probability due to waveform distor-
tion is calculated using the inband amplitude disper-
sion probability [12] and the allowable inband ampli-
tude dispersion. These are related to the modulation
scheme and equalizer performance. The dispersive
fade margin is then calculated from this outage proba-
bility.
(2) The flat fade margin is calculated using a conven-
tional method when noise is present.
(3) From procedures (1) and (2) above, the compos-
ite fade margin is calculated using Rummler’s concept
[8]. The outage probability due to dispersive fading
and flat fading is then calculated.
(4) Procedures (1) through (3) are repeated four
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Fig. 1 Analytical model.

times, i.e., for an unprotected system (modem alone),
with SD, with EQ, and with both SD and EQ, to
obtain four composite fade margins.

(5) The synergistic effect is calculated from these
outage probabilities, using the four composite fade
margins.

3. Improvement in Dispersive Fading
3.1

Estimating the Outage from Linear Amplitude
Dispersion

Signature and linear amplitude dispersion (LAD) are
used to estimate outage probabilities when waveform
distortion alone causes bit errors. As for the signature
method, the regions where outage occurs are measured
in relation to two variables, i.e., the amplitude dip
frequency which originates from the delay time
difference and the amplitude ratio of the interference
rays. The outage probability is calculated from the
likelihood of it falling into “signature.”

On the other hand as for the LAD method, the
probability that LAD exceeds the allowable value of
the LAD is taken as the outage probability. This
approach is based on the fact that the LAD distribu-
tion is closely related to the BER distribution [2]. The
LAD can be expressed as the amplitude ratio between
frequencies separated by Af, and the effect of using
space diversity can easily be calculated using an equa-
tion that includes a frequency correlation coefficient.
In this paper, the LAD method is used to estimate the
synergistic effect.

The received power distribution in a microwave
link under duct-type fading follows a Gamma distribu-
tion. The density function of the Gamma distribution
may be written as [13]

s —1,—px.
p(x)z{mﬂ e ™ x>0

0 :x<0

where A and £ are parameters of the Gamma distribu-
tion and I"(A) is defined as

)

I'(a) :’[Q xle*dx (3)
The LAD “z” is defined as the amplitude ratio of two
frequencies,

7= x (fi)
x (f2)

where x(fi) and x(f;) are the received powers at
frequencies f; and f; respectively and

fi—fe=Af. (%)

Therefore, the density function f (z) of LAD can
be estimated from the density function of the ratio of
the two Gamma variables p(x(f)) and p(x(f))
which are correlated by factor ps; known as the fre- .
quency correlation coefficient [12]. It can be shown
that

(4)

I'(24) (B1B2)*z* " (Bi+ Bez) (1—pup)
(D) ((Brt B22)* — 404781 22) *T17

where 31 and 3, are scale parameters. The cumulative
probability function of Eq.(6) is as follows [13]:

P(ZSZ):'ézf(z)dz: z>1

f(z)= (6)

~ L [T a—w @)
where |
tan 5:\/451(%(_1;2%@2 (8)

Using Egs.(7)and (8), and after some lengthy
manipulation, it can be shown that for the particular
case A=1 and Bi1=p,, i.e., single reception [12],

AT
2L vz —sppz ] 2T
pz<2) =1~ L Z=1 (9)
1[ -z ]
R L Z>1
2L JO+2)—dp4z
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Fig.2 Synergistic effect under dispersive fading.

Assuming equal probabilities of positive and
negative slopes, the outage probability OP,,q4:s(Z) due
to inband amplitude dispersion can be expressed as

OPO,dis(Z) :2&’(2), (10)

where @(Z) is

(1)

1—-Z >
JA+2Z2)—doyZ /)

The concept of a joint density for the Gamma distribu-
tion may be applied to space diversity reception. Here
we assume that the space diversity reception uses an
equal gain pre-detection combining scheme as shown
in Fig. 1. When the parameters are A=2, 5=/, and
with a small value for the correlation coefficient for
diversity branches ps, the outage probability of
OPsp.4is(Z) can be derived from Eq.(7) as

OPSD,dis(Z) :6(61’(2))2_“4(61’(2))3- (12)

Figure 2 shows an example of the results calculated
from Egs.(10) and (12) when p4,=0.9.

2(Z) =%<1+

3.2 Space Diversity Improvement

The outage improvement factor Isp s when using
space diversity is defined as

Isp,ais= OPo,dis/OPsu,dz‘s- (13)

As mentioned above, the outage probability can
be estimated from the LAD distribution. Accordingly,
the values become

OPsp,ais= OPsp, ;s (Z=2,) =60 —4as. (14)

Here a is given by @(Z,) where Z, is the threshold or
allowable LAD which corresponds to the outage.
Examples of Z, are shown in the table in Fig. 3.
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Fig.3 Improvement due to SD under dispersive fading.
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The Isp,ais achieved with space diversity reception
can thus be expressed as

Isg,diszl/(3d0_2ag) (15)

The results calculated for Isp g as a function of
frequency correlation coefficient o4 are presented in
Fig. 3.

3.3 Adaptive Equalizer Improvement

The degree of improvement achieved using adaptive
equalizers is defined as

Izq,ais = OPo,ais/ OPrq,ais- (16)

Here, OPzoa:s is the outage probability when only
adaptive equalizers are used. OPgg,4:s can be expressed
as

OPEQ,dis: OPO,dis (Z: ZEQ) :2(1/EQ' (17)

Here, agg is given by a(Zgo), where Zgg is the thresh-
old or allowable LAD when the adaptive equalizers,
such as a variable resonance equalizer and an auto-
matic transversal equalizer [6], are used. Some exam-
ples of Zg are shown in the table in Fig.4. The
outage improvement factor Ige,q:s can be thus be ex-
pressed as
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Igé,dfs=do/am. (18)

A plot of Iggais vs. par is shown in Fig. 4. Predictably,
the equalizer improvement decreases for multilevel
modulation schemes.

3.4 Improvement Achieved Using Both Space Diver-
sity and Adaptive Equalizers

When space diversity and adaptive equalizers are used
together, the outage probability OPspimg,ais, can be
expressed as

0PSD+EQ,dis: OPSD,dz‘s (Z = ZEQ) :667}3@2— 4aE93‘
(19)

The improvement factor Ispygme.ass, can thus be ex-
pressed as

ISD+EQ,dis: OPO,dis/OPSD+EQ,dz‘S
:2010/ (6d/502 - 461’EQ3) . (20)

An example of the improvement factor in the outage
probability is shown in Fig. 5. In the case of 16 QAM,
when Z():5 dB, ZEQ:IO dB and pAf:O.g, ISD+EQ,dis iS
found to be 150. As compared with the improvement
of Isp,u:is=8 with only space diversity and Igg ais=4.5
when adaptive equalizers are used alone, the combined
use of space diversity and adaptive equalizers results in
a much larger improvement than the product of the
individual improvements. The larger improvement is
attributed to the synergistic effect.

4. Improvement in Flat Fading
4.1 Outage Probability Due to Thermal Noise

The probability of outage due to noise can be calcu-
lated from the probability that received power level X
becomes smaller than the threshold received-power
level, x. The received power distribution during fad-
ing is given by the following formulae for single recep-
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Fig. 6 Improvement due to SD under flat fading.

tion and space diversity reception [14].
p (X < x) = ksingle . IO_X/IO

: single reception 21
p(X <x)Zksp/(1—ps) -107%7°
: space diversity reception. (22)

Here, ps is the correlation coefficient for diversity
branches and ksinge and ksp are the coefficients for the
increase due to long term fluctuations of single and
space diversity reception respectively.

For the flat fade margin, Mf', the outage probabil-
ity OPy,noise due to noise for single reception can be
expressed as

OPO,noz'se = ksingle 107710, (23>

Furthermore, the flat fade margin Mf, for space
diversity reception is treated in the same way as for
single reception. ‘

OPSD,noise:kSD/ (1— Ps) <1077 (24)

4.2 Space Diversity Improvement in Outage Proba-
bility Due to Noise

From Egs.(23) and (24) the improvement factor for
space diversity Isp,noise, 18 Obtained as

OPy,noise __ ksingie* (1—0s) -10Mr10.

Isp noise= =
’ OPSD,noise kSD

(25)

The calculated results are presented in Fig. 6.

5. Improvement under Simultaneous Dispersive
Fading and Flat Fading

5.1 Outage Probability
When waveform distortion and noise are simultaneous-

ly present, the outage probability is higher than when
each element is present alone. It can be seen that the
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influence of waveform distortion on the outage proba-
bility becomes more pronounced as Mf increases. At
this point, let us determine the effect that waveform
distortion and noise both have on composite fade
margin CFM as follows [8],

Mf dlS

10T =101+ 10~ (26)

We extended this concept to space diversity reception
regardless of whether equalizers are used or not.

5.2 Unprotected Circuit

The equivalent deterioration in C/N ratio due to
waveform distortion in the case of single reception is
obtained from Eq.(10).

OPy,ais =20 (27)
Using Eq.(23), replacing flat fading with dispersive
fading yields,

10~ =200/ Ksingte- (28)

Accordingly, if Eq.(26) represents the CMF due to
noise and waveform distortion, then the outage proba-
bility for unprotected circuit OPy,to1q; 18

Mf dzs

CFl
OPy,c010:= ksingle . 10"1—5”
— Ksingle® ( 10~ )
=Kksingie* log%"f‘ 2. (29)

Mf dzs

10

5.3 Improvement in Space Diversity

For space diversity reception the equivalent flat fade
margin Mf s, due to waveform distortion is found
using Eqs.(12) and (24),

fﬁ 10775 =6 — 4ar’, (30)
 Os
which yields the following formula,
10—’”"::,“‘“:%(6015—4@3). (31)
SD
Accordingly, CFM is found to be
1075 =10~ + 10-"4**
=10 +170% (645 4ai) . (32)
SD

Thus, the outage probability OPsp,:0za: is expressed
as
CFM

OPsp,totar=ksp/ (1—ps) + 1075

— 52107+ (6o —dad). (3D
Os

The improvement coefficient Isp iou, resulting from
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Fig.7 Improvement due to SD under both dispersive fading
and flat fading.
space diversity is obtained from the following expres-
sion:

Isp, cotar= OPO,total/ OPsp, totar

_ keimseer 10710424 (34)
T ko 10-% 4 (62 —4ah)
$
Calculation examples for 4 PSK, 16 QAM, and 256
QAM are shown in Figs. 7(a)-(c) with the frequency
correlation coefficient p,r as the parameter. From

these figures it can be seen that
(1) space diversity results in a significant improve-
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ment in a modulation system which has a large allow-
able LAD,

(2) with constant frequency correlation coefficient o4,
as the flat fade margin increases, the degree of improve-
ment curve saturates,

(3) with a smaller frequency correlation coefficient,
there is less improvement, and improvement tends to
level off faster in relation to the increasing flat fade
margin.
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Fig.8 Improvement due to EQ under both dispersive fading
and flat fading.
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5.4 Equalizer Improvement

The outage probability for single reception when
equalizers of OPgg,t0tai, are used can be estimated easily
from Eqs.(28) and (29).

CFM
OPro,totar= Ksingie* 10710

= Ksingte* 10_%‘1' 2amg (35)

Accordingly, the improvement coefficient with
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Fig.9 Improvement due to SD and EQ under both dispersive
fading and flat fading.
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equalizers Irg zotar, 18 expressed as follows.
Isg,10tar= OPO,total/OPEQ,total

_ ksingle * 10_%+ 20-/0
- _M5
ksingie* 10710 +2 a5

—1+—2(@—ax) (36)
ksing[e 10710+ 2ak

From the calculation examples shown in Figs. 8(a)-
(c), it is understood that:

(1) the degree of improvement increases with a larger
allowable LAD, and

(2) when Mf is large, the degree of improvement
curve saturates.

5.5 Improvement Achieved Using Space Diversity
and Equalizers in Combination

When both space diversity and equalizers are used, the
outage probability OPspirg totai, is derived from Eq.
(33).

0PSD+EQ,total:1L_SL;5_ 10_%‘1' (6aze® —4axe®) (37)
8

Accordingly, the value of the improvement factor
Isp kg, totas, 15 Obtained from the following formula.

Isp s g, t0tar= OPO,toml/ OPsp i 5g,totai

ksingle' IO_%+2QO (38)
kSD

T2 1078+ (625" — e
~ ps

Calculation examples are presented in Figs. 9(a)-
(c). They show the same tendencies as those in Sects.
5.2, 5.3, and 5.4.

6. Synergistic Effect Due to Space Diversity and
Equalizers

6.1 Synergistic Effect with Dispersive Fade

The coefficient &4, which shows the synergistic effect
obtained using both space diversity and adaptive
equalizers, is defined by the following expression.

Edis = ISD+EQ,diS/ (ISD,dz's * IEQ,dis) (39)

This definition makes it possible to estimate the
combined improvement, Ispizguis, DY Eais* Ispais*
Irg,ais. This calculation is easy to perform because the
combined improvement can be estimated using the
degree of improvement obtained when each technique
is employed separately. From Egs.(15), (18) and
(20), Eus is given by [11]

Eais= (3010—261’02)/(361’120—201592)- (40)

Further, by using only Isp,a:s and Irgais in Egs.
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Fig. 10 Synergistic effect under dispersive fading.
(15), and (18), (39) can be rewritten as
— A sp,ais. _
Edis_IEQ,dz's/ I+ * ° (IEQ,dis 1)
8  Irguis
g \2
(3o} (41)
SD,dis

The calculation results are presented in Fig. 10.
From this figure, it is clear that the synergistic effect
nearly equals the degree of improvement obtained by
the adaptive equalizers. For instance, assuming that
Z():S dB, ZEQ:IO dB, and pAf:O.g, then ISD,dis:3.6,
IEQ,dz’S:4-2, and ISD+EQ,dz‘s:6O, from FlgS 3, 4, and 5. It
is obvious that Isp4zg,ais > Isp,ass * Ire,ais- The synergistic
effect of 4.0 (=60/(3.6X4.2)) is found to exist, which
is almost identical to Egus.

These results clarify the following points.

(1) The synergistic effect depends on the LAD gradi-
ent difference between the single reception and diver-
sity reception as shown in Fig. 2, and the synergistic
effect becomes larger when the LAD gradient
difference becomes larger.

(2) The synergistic effect is dependent on Zgy, which
shows the performance of the adaptive equalizers. The
larger the Zgo value, the greater the effect.

(3) For space diversity reception, the synergistic effect
has the same value as the degree of improvement
obtained with the adaptive equalizers. Therefore, the
combined effect obtained when both techniques are
used is given by the expression,

ISD+EQ,dis:ISD,dis' (IEQ,diS) 2, (42)
6.2 Synergistic Effect in Flat Fading

Since adaptive equalizers do not result in any improve-
ment in noise, the synergistic effect is predictably unity.
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Fig. 11 Synergistic effects under both dispersive fading and flat
fading.
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The synergistic effect £yoise, 1S expressed as

E _ ISD+EQ,7wise
noise —
ISD,naise " IEQ,noise

= ISD,noise/ISD,noise

=1. (43)

6.3 Synergistic Effect in Dispersive Fading and Flat
Fading

From Eqgs.(34), (36), and (38), the synergistic effect
with both dispersive fading and flat fading &iosas, 1S
given by,

Etatal = ISD+EQ,t0tal/ (ISD,total * ]EQ,tofal)

ksmgle N 10_%+ 2ap

% 1074+ (62’ —4asd’)
SD

Koingie* 10710 420
% 10+ (6’ —4a?)
SD
. < 2 (a’o - LYEQ) )
Ksimgre* 10710+ 2 50

Calculation examples are shown in Figs. 11(a)-(c).
7. Experimental Results

An experiment was conducted to verify the foregoing
calculation results. In order to compare the outage
probability values of various reception methods, a
fading simulator based on a two-ray model was used.
The fading simulator can generate the same fading
pattern repeatedly. The space diversity reception
scheme is equal gain pre-detection combining, and the
adaptive equalizer is a variable resonance type. Exter-
nal noise was applied for the purpose of establishing
the flat fade margin. A 16 QAM signal with a roll-off
rate of 50% was used with an M/ of 26 dB and a pyr of
0.85. The obtained results are presented in Table 1
with theoretical results.

Table 1 Comparison of experimental and theoretical results.

Theoretical Experimental
Reception
Outage Improvement Outage Improvement
probability (%) factor probability (%) | *  factor
Unprotected 15.0 - 15.8 i
With SD 3.2 4.6 7.1 2.19
With EQ 39 3.8 4.1 3.3
With SD and EQ 0.2 68.1 0.36 40.8
Synergistic effect & 3.3 4.9
Me=26dB o, =085
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The improvement factor for space diversity was
smaller than the theoretical value, and thus, the syner-
gistic effect was larger. However, the values show good
agreement for the most part.

8. Conclusion

Synergistic effects have been defined and analyzed
theoretically. From this analysis, the following conclu-
sions have been obtained.

(1) Synergistic effects arise from the slope differences
of the inband amplitude dispersion cumulative proba-
bility curves which are obtained with and without
diversity reception.

(2) The synergistic effect is larger than unity. :
(3) Synergistic effects were quantitatively clarified for
dispersive fading with flat fading as well as for disper-
sive fading only.

(4) In the case of dispersive fading, the value of the
synergistic effect is the same as the outage probability
improvement factor obtained using only adaptive
equalizers.

(5) In the case of dispersive fading with flat fading,
the synergistic effects gradually decrease as the noise
level increases.

(6) When the noise level is high, the synergistic effects
disappear.

These results are applicable to various types of
modulation methods, combiners, and equalizers, when
the values of allowable inband amplitude dispersion
with/without using an adaptive equalizer, and flat
fading margin, etc. are known.
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