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Abstract

In this paper, development of Differential Fade Depth with Path Length Adjustment
(DFD-PLA) algorithm for calculating the optimal path Iength for fixed point terrestrial line
of sight microwave communication link is presented. The optimal path length for such link
is defined as the path length at which the maximum fade depth is equal to the available fade
margin the communication system can accommodate at the given set of link parameters. The
DFD-PLA algorithm involved iter ative adjustment of the path length based on the difference
between the effective maximum fade depth and the available fade margin the system can
accommodate. Sample 12GHz microwave link is analyzed and the results show that after 28
cycle the algorithm converged when path length, free space path loss and maximum fade
depth in the link dropped from their initial to optimal values of 19.9903 km to 5.8726 Km,
140.40 dB to 129.40 dB and 104.04 dB to 30.56 dB respectively.

Keywords: Optimal Path Length; Microwave Link; Fade Margiade Depth; Rain
Fading; Multipath Fading; Differential Fade Depth

1 Introduction

In terrestrial Line of Site (LOS) microwave commeation link design, the maximum
path length depends, among other things, depenttseedfree Space Path (FSP) loss and
the maximum fade depth determine from the linkyagpheric and terrain parameters.
In practice, mostly rain and multipath fadings aomsidered and they are taken to be
mutually exclusive when determining the maximumefatkpth for terrestrial LOS
microwave communication links [1, 2]. As such, thaximum fade depth is taken to be
rain fading or multipath fading; whichever oneasgger.

Furthermore, for any given set of terrestrial LOSicrowave communication
link parameters and specified Fade Margin (FM3)g maximum path length
determined from the FSP loss\gl) and the maximum path length determined from the
fade depth of rain fading or multipath fading 4@ may differ [3,4]. In this paper, a
procedure is developed to determine the Optiméi Pahgth (¢hop) for terrestrial LOS
microwave communication link. Specifically, thetiopal path length is the path length
at which the system operating margin (or fade nmauigijust satisfied and the path length
determined from FSP loss is the same as the pagthleletermined from maximum fade
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depth. The maximum fade depth determined at theckfie Maximum Path Length is
called the Optimal Fade Margin (§gh At the optimal fade margin, the received signal
strength is equal to the receiver sensitivity dma maximum fade depth is equal to the
effective fade margin. In essence, the optimal maxn path length is the path length at
which the maximum path length determined from tB& Foss (glisp) and the maximum
path length determined from the computed fade mafdi.m) are equal and the
received signal strength is equal to the receigasiivity.

Accordingly, in this paper, an algorithm is devedddor calculating the optimal
path length for fixed point terrestrial line of Bignicrowave communication link. The
method involve iterative adjustment of the pathgté based on the differential fade
depth; that is, the difference between the effectwaximum fade depth that can be
experienced in the link at the specified link petege availability and the available fade
margin the system can accommodate for the givenfdetk parameters. The iteration
ends when the differential fade depth is zeroh# point, effective maximum fade depth
and the available fade margin the system can acomfata are equal. The path length at
this point is the optimal path length.

2 Methodology

2.1 Determination of The Maximum Transmission Range
Based on Free Space Path Loss and Received Signal
Power

Let P; be the receiver sensitivity in dBm P,  be the received signal power indBm;
fm be the specified fade margin in dBm fm_ be the computed Fade Margin in dBm
based on available link equipment and terrain mpatars and let g, be the
maximum transmission range based on free spdbdgss. Then

fms = Pp— Ps (1)
hence P = fmy+ Ps (2)
Free Space Path Loss Calculation: Based on Friis formula, the expression for conmgut
free space path loss is given as:
LFSP = 32.4 + 20 log(f*1000) + 20 log(d) (3)
where LFSP s the free space path loss infd8the frequency of the emitted signal
in GHz and d is the length of the link in km.

Link Budget Calculation: The goal of link budget calculation is to determitine
received signal power. Generally, a very simpglifieersion of link budget equation is
given as follows:

Received Power = Transmitted Power + Sum of Gai8am of Losses (4)
RR =B + (G+&)-(LFSP + k£ + Ly +Lr) (5)
where R is the Received Signal Power (dBm)y; Rs the Transmitter Power Output
(dBm); Gr is the Transmitter Antenna Gain (dBi) 3 Gs the Receiver Antenna Gain
(dBi) ; LFSP is the Free Space Path Loss (dB) jdthe Losses from Transmitter (cable,
connectors etc.) (dB) ;A is the Losses from Receiver such as cable, coorseetc.

losses (dB) andy. is the miscellaneous losses such as polarizatisalignment loss, etc.
(dB).

If in Eq. 5 the additional losses along the pathngely; Lt ,Lg, and Ly) are ignored,
then the received signal strength can be calaideollows;
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R = K + (G+G&)- LFSP (6)
Hence,
LFSP= R + Gr+Gr -Rk 7)
Therefore, from Eq. (3), wp (the maximum transmission range based on free
space path loss), can be obtained as follows:

LFSP— 32.4— 20 log(f*1000) )

dmfspl = 10( 20 (8
Substituting LFSP from Eq. (7) into Eq.(8) andfm Eq. (2) into Eq. (8) gives
((PT + G+ GR—fms —Pg)—32.4—20 log(f*1ooo))
dmfspl = 10 20 9)
With respect tod¢sp , the LFSP  can be re-calculated as follows;
LFSP = 32.4 + 20 log(f*1000) + 20 laty¢sp) (20)

Similarly, fm, (effective or computed fade margin the systemamnommodate) can
be calculated from Eq. (1) and Eqg. (6) as follows;

fm. = Pp— Ps= Pp + (Gp + Gg)- LFSP— P (11)
2.2 Determination of The Maximum Path Length With
Respect to Multipath Fading and Rain Fading

2.2.1M athematics of Rain Fade M oddl

In ITU-R PN.838 recommendations, for frequenciedeurd0 GHz and path lengths
shorter than 60 km, the specific attenuation oagng from rainfall is defined as
YRpo in dB/km and modelled using the power-law relagioip as follows [5,6,7,8,9];

a
YRpo = k(Rpo) (12)
where R, is the rainfall rate in mm/h exceeded fpo% of an average year (or stated
another way,R,, is the rainfall rate in mm/h for a particular ligiercentage outage,
po). k anda are frequency dependent. Actually, in ITU-R PN.88commendation,

specific attenuation originating from rainfall iefthed separately for horizontal and
vertical polarization [10,11,12,13,14]. For theikontal polarization;

Vroodn = Kn(Rpo)™" indB/km  (13)
For the vertical polarization;

(Vrpodo = Ko(Rpo)™”  in dB/km (14)
where:

Kn, on  are frequency dependent coefficients for hottialopolarization rain
attenuation . They are given in [15].

Kv, o, are frequency dependent coefficients for verpicdarization. They are given
in [15]

(pro)his the rain attenuation per kilometer for horizbpi@larization
(pro),,is the rain attenuation per kilometer for horizdpialarization

po is the Percentage outage time (or Percentage aaility time) of the link.
pa is the Percentage availability time of the link.
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po = (100% — pa) (15)
Rain fade depthA; (dB) is the product of specific rain attenuatimﬁo in dB/km
and the propagation path length, d (km) betweenrémsmitter and the receiver.

4z = (Yay)d  (dB) (16)
In respect of ITU-R PN.838 [15] recommendation, ftiiwing terms can be defined,;
Ag(ny is the rain fade depth (attenuation) for horizoptahrization
Ag ) Is the rain fade depth (attenuation) for verticalbpization

Againy is the effective rain fade depth (attenuation) abereng both horizontal and
vertical polarization.

d is the propagation path length or distance (i) ketween the transmitter and the
receiver (in this case, d gnsp))

Hence,
Aray = ((rpodn) d = (Kn(Rpo)™ ) +d (17)
Ay = (Grpo)v)d = (Ky(Rpo) ™) +d (18)
Agqin = maximum(Agep), Ar@w)) (19)

2.2.2Mathematics of Multipath Fading M odel

For quick planning applications, the percentagéiné po that fade depthyitipath
(dB) is exceeded in the average worst month isrgasefollows [16,17,18]

(Amultipath)>

(—0.00089(hL)— o

po =Kd*(L+ke)™** (£°%) 10
where:

d is the propagation path length or distance (m) ketween the transmitter and the
receiver

f is frequency (GHz)
h_ is altitude of lower antenna (m)
Anutiipath 1S multipath fade depth (dB)
K is geoklimatic factor and can be obtained from:
K = 10(-4.6-0.0027(dN1)) (21)
where dN1is the point refractivity gradient

ep is the path inclination, (in mrad}e is calculated using the following expression
[19,20,21]

% (20)

| p| _ (|ht;hr|) (22)
where:
d is the propagation path length or distance () ketween the transmitter and
the receiver
h; is the transmitter antenna height
h, is the receiver antenna height (whehg andh, are in meters about sea

level),
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Now, multipath Fade Depth,A,,,;ipqen (in dB) is obtain from the expression fpp
as follows;

Amultipath = 10(_0-00089(hL)) - (10)10g ({K(d3-1)(1+|§O|)_1'29(f0-8)}> (23)
14

The maximum path length due to multipath fadinghs$ain from the expression fgio
as follows:

Let dpuitipacn D€ the maximum path length due to multipath fadorgany given path
inclination,ep Note, ditipaen IS the same as d in Eq. (20) and Eq. (ZBgn

(B.1)

dmultipath = 2 (24)
I/ ( 0. 00089(hL) <M>>\ \
|

10

'/ |(k(+]e,) ™) cro®) i
W ) )

2.2.3The Optimal Path Length and the Differential Fade
Depth Adjustment (DFDA)

In terrestrial LOS microwave link design, rain amcultipath fadings are usually
considered for determining the maximum fade deptbrtunately, the mutual relation
existing between rain fading and multipath fadinfgs out the possibility that the link
could be affected by both types of attenuatiomatsame time. As such, the larger of the
two types of attenuation determines the value ofimam fade depth in the link. Given
that fd,, is defined as the link maximum fade depth in ké)ce;

fd,, = maximum(Amumpath, ARain) (25)

fdm = maximum(Amultipath: AR(h): AR(v)) (26)
Let dgy be the maximum path length due to the rain fadethdégitenuation) for
vertical polarization.

Let dg,) be the maximum path length due to the rain fadethdégitenuation) for
vertical polarization.

Let dgqin be the maximum path length due to rain fading amreng both vertical and
horizontal polarization.

Let dp,p be the Optimal Path Length in km
Let fm,, be the optimal fade margin in dB
Let FSPL,, be the optimal free space path loss in dB

Let d,.rq be the maximum path length determined from the mded maximum
fade depth (considering both the multipath fading the rain fading). Then, for any
given maximum fade depth (d,, ) in Eq 25 (or Eq 26),
dmuitipath » Arny Arw) Arain AN dpcpq Can be computed as follows:

d, . fim (27)
R(h) (Kh(Rpo)ah)
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d fdm (28)

R(v)= (Kv(Rpo)av)
.. . fdm fdm
drain = minimum(dgm ,d = minimum T T 29
Rain ( R(h) R(U)) <(Kh(Rpo) h) (Kv(Rpo) )) ( )

GB1

dmultipath = ( £ (30)

(0.0008ony){ VAmultipath)
(10( ( ) < 10 ))\*(K*(1+|sp|)_1'29)(f0.8)\
\ )

)

dmcfd = minimum(dmultipath ’ dR(h) ’ dR(v) ) (31)

The optimal path lengthdf,,, ) is obtain when the following conditions are fil#d;

dmcfd = dmfspl
and (32)
fdm =fm
Hence,

dmop =dmcfd for dmcfd = dmfspl and fd, = fm, (33)
In this paper, in other to arrive at the optimathpl@ngth in Eq 33, the value of the path
length, diyssp1 i adjusted by an adjustment valugy() and the values of the fade
depth fd,, and fm, are recomputed. The process is repeated untilgtimal path
length conditions in Eq 33 are satisfied. The siinent valued,4; can be obtained in
several ways among which are;

(i) by using the difference between the fade depfH,, and the computed fade
margin, fm,. This approach is called the Differential Fade thepith Path
Length Adjustment (DFD-PLA) Method.

(i) by using the difference between the maximum patlgth determined from the
maximum fade depthd,,.r, and the maximum path length determined from
the computed free space path los, . This approach is called the
Differential Path Length With Path Length Adjustrh@dPL-PLA) Method.

However, due to space only the DFD-PLA method rsatered in this paper. In
the DFD-PLA method, the path length adjustment edhr thei™ iteration is
defined as d,4j;) and can be obtained as follows;

_ [ Umc@) - fdm (@)
dao = (Ttria) O
dmfspl = dmfspl * (1 + dadj(i)) (35)

The iteration is continued untilfm.(i) — fd,,(i)| < 0.01 . At this point, the optimal
fade margin {m,, ) is given as:
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fmop = fd for dmcfd = dmfspl and fd, =fm, (36)
The Optimal  Free Space Path Lg®SPL,}) is given as follows;
FSPL,, =32.4 + 20 log(f*1000) + 20 lodf,p ) (37)

2.3 The Differential Fade Depth with Path Length
Adjustment (DFD-PLA) Algorithm

Step 1.1: Input the following link parameters:
f in GHz, Py indBm, GrindBi ,GgindBi,Ps indBm, fm, in dBm
Step 1.2: Compute  the initial maximum transmissiong@dy,¢spio), Which

is based on free space path loss in km and tlee spiecified link parameters in
Step 1.1 where from Eg. (9):

(Pt + G+ GRr—fmg—Pg )— 32.4— 20 1og(f+1000) )

dmfspl(O) = 10( 20
Step 2:  Initialise the iteration counter i, where i =0

Step 3 Compute the current value of the Free Spadd BPass (in dB),
LFSP() from Eq. (10):

LFSP(i) = 32.4 + 20 log(f*1000) + 20 logj¢spiciy )

Step 4: Compute the current value of the Received Power (in dBRy; from
Eq 6;

g = B + (Gr+&)- LFSP(j)
Step 5: Determine the current value of the effectivelé-alargin in dB,fm;
from Eq. (11):

fmc(l') = PR(i)_ PS= PT + (GT +GR)_ LFSP(I) - PS

Step 6: Compute the current value of the maximum faglgtlts using the value of
maximum transmission range ddg¢spi(iy as follows:

Step 6.1:d = dmfspl(i)

Step 6.2: Ag(n)(i) is current value of the rain fade depth (attenumgtior horizontal
polarization from Eq 17,

Arayy = (Kn(Rpo)™ ) (dmtspici)

Step 6.3: Ar)(i) is current value of the rain fade depth (attenugtfor vertical
polarization from Eq. (18):

Areyy = (Ko(Rpo)™) (dmtspici)

Step 6.4: Againyiy IS the current value of the effective rain fade ttep
(attenuation) considering both horizontal and eattpolarizationfrom Eq. (19):

ARain(i)

= maximum ((Kh(Rpo)ah ) (dmspiciy ) (Kv(RpO)av)(dmepl(i)))

Step 6.5: K is geoklimatic factor and can be obtained from &4 ):
K = 10(-4.6-0.0027(dN1))

Step 6.6: epis the path inclination, (in mrad) which can b&akated from Eq 22:
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3

_ (lhe = he])
|£P| - d

Step 6.7: Amutipatny 1S the  current value of the multipath fade dejpttdB),

from Eq 23:

Amuitipatngy = 10(—0.00089h,) (10)1°g({K((dmfspl(i))3'1)(1+Ispl)‘l'”(f‘)-“)})

Step 7: Compute fd,, the current value of the link maximum fade deiptB,

which is given in Eqg. (26) as:
fdmay = maximum (Amueipatniy Armyay  Arw)))

Step 8: Compute the excess fade margfmg,;)), where fmeyiy = fmeq —

fdm@

Step 9.1.1: Compute the path length adjustment from Eq 34:
p N <(fmc(i) - fdm(i))>
adj(i) —

(LFSP() + fdmq))
Step 9.1.2: From Eq. (35):

Amfspiy = Amespicy (1 + daajciy)
Step 9.1.3: i=i+1
Step 9.1.4: GOTO Step 3

Step 9.2.1: Else

Step 9.2.2: Optimal Path Length dy,,,, from Eq. (33):
dmop = dmfspl(i)
Step 9.2.3:  Optimal Fade Margin fm,, from Eq. (36):
fInop = fdm(i)
Step 9.2.4: Optimal  Free Space Path LosBSPL,, from Eq. (37):

Step 10:  Stop.

Results and Discussions

The Differential Fade Depth With Path Length Adjent (DFD-PLA) algorithm is
used to determine the optimal path length foam@e fixed point terrestrial LOS
microwave link with the following link parametefstequency (f) = 12 GHz; Transmit
power @r) = 10dBm; Transmitter Antenna GainGg) = 35 dBi; Receiver Antenna
Gain Gr) = 35 dBi; Fade Marginfin,) =20dB; Receiver Sensitivity’) = -80dBm;
Rain Zone = N; Point Refractivity Gradient (dN1)-400; Link Percentage Outage
(po) = 0.01% ; Rain Fade Constants %k, =0.01217 ,a, =1.2571 , k,=
0.01129 ,a,, = 1.2156; R,, = 95mm/h; h, = 295m; and h, = 320m. For
each simulation run, the convergence cycle (n) laichvthe optimal path length is
obtained is noted along with other relevant perfomoe parameters.

In Table 1 to Table 3, as well as Figure 1 to Feg8r, the frequency is 12 GHz
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and the rain zone is N, with percentage availahift99.99% or link percentage Outage
(po) of 0.01% .

Table 1 Rain Fading, Multipath Fading , Free &p&ath Loss , Effective Fade
Margin , Effective Maximum Depth and EffectiveatR Length vs
Number of Iterations (n).

Number Of| Effective : Free Effective | Effective | Effective
. : Multipath | Space
Iterations Rain Eadin Path Fade Fade Path
(n) Fading 9 LoSS Margin Depth Length
0 104.03 26.59 140.04 19.96 104.08 19.99
4 40.79 10.50 131.9] 28.09 40.79 7.84
8 33.35 6.91 130.16 29.84 33.35 6.41
12 31.42 5.84 129.64 30.36 31.42 6.04
16 30.83 5.50 129.48 30.52 30.83 5.93
20 30.65 5.40 129.43 30.57 30.65 5.89
24 30.59 5.36 129.4] 30.59 30.59 5.88
28 30.57 5.35 129.40 30.60 30.57 5.87
32 30.56 5.35 129.40 30.60 30.56 5.87
36 30.56 5.34 129.40 30.60 30.56 5.87
40 30.56 5.34 129.40 30.60 30.56 5.87
150 - 30

g g 140

c .E . 130 | " hhhAddddddddddddddddhdddhddhdddhddddddhddhddhhddhdd

= Mm —_

g g z; 120 E

léo S § 110 X —O— Effective Rain Fading =

E ‘-E 2 100 % —e— Multiapath Fading - 20 ED

£23 9 —a— Free Space Path Loss o

g § E 80 —B—Effect!ve Fade Margin (Fme) <

= —X¥— Effective Fade Depth (Fdm) ©

§ - 2 70 o

- ] [J]

a2z 2

88 so - 10 3

SEy 40 e

£ c & 30 | Lot N TR

S o

S § 20 @
@ 10

0 0

0 5 10 15 20 25 30 35 40 45 50 55 60
Number of Iterations (n)

Figure 1. Rain Fading(dB), Multipath Fading (dByee Space Path Loss(dB) ,
Effective Fade Margin (dB) , Effective Maximum @b (dB) and Effective Path
Length vs n.

The convergence cycle is 28. That means, as showahle 1, Table 2, and Table
3, (as well as, Figure 1, Figure 2, and Figur¢, 3he DFD-PLA algorithm is
iterated for 28 times before the optimal path langtattained.
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Table 2 Initial and Optimal Values For Free Sp&ah Loss, Fade Depth , Fade
Margin, Received Power , Differential Fade Depihfferential Path Length ,
Path Length and Convergence Cycle

Free
Space| Fade | Fade . Differentia | . .
\ | e Deon | warg | £ pan | OEER) O
(in dB) dB) (in dBm) km) Depth (dB)| (in km)
dB)
'\r/‘;tlfé 0 142.0 1034'0 19.96 | -60.04| -16.1547  84.1073 195990
?\‘;ﬁma 2112941 5556 | 3060| -49.40/  0.0075 0.0009  5.8726
alue | 8 0
160
140
120 M Initial Value m Optimal Value
100
80
60
40
20
0
-20
-40
-60
-80

Figure 2. Initial and Optimal Values For Free Sp&ah Loss, Fade Depth , Fade
Margin, Received Power , Differential Path Lengiifferential Fade Depth,
Path Length and Convergence Cycle.

Also, the optimal path length is 5.87 km, the opilifinee space path loss is 129.40
dB, the optimal fade margin the system can acconatead 30.60 dB  while the
optimal fade depth is 30.56 dB. In essence, abfienal path length, a maximum fade
depth of 30.60 dB can be accommodated by the Hokvever, the maximum fade depth
the rain and multipath fading can present at ther@g path length of 5.87 km is 30.56
dB which is 0. 04 dB short of the optimal fade niarg

It can be recalled from Table 2 and Figure 2 thatinitial fade margin specified
for the system is 19.60 dB, (actually, 20 dB).istinitial point, in Table 2 and Figure 2,
the initial maximum path length is 19.9903 km,e ftinitial free space path loss is
140.40 dB, the initial fade depthis 104.04 dBlevthe received signal power is -60.04
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dB. At the optimal point, the free space path lss reduced by 10.64 dB to a value of
129.40 dB while the received signal power haseased by the same value of 10.64
dB from a value of -60.04 dB to a value of -49dB) From table 1 and Figure 1, it

will be notices that the rain fading is equal te #ffective fade depth. Basically, for the

given frequency, rain zone and percentage avalilghibin fading is greater than the

multipath fading and hence, determines the effedide depth that will be experienced
in the link.

Table 3 Differential Fade Depth and Differentialdé Depth vs Number of Iterations (n)
Number Of lterations (n) Differential Path Length Differential Fade Depth
(km) (dB)
0 -16.155 84.107
4 -2.44 12.738
8 -0.673 3.544
12 -0.204 1.099
16 -0.06 0.352
20 -0.014 0.114
24 0.001 0.037
28 0.005 0.012
32 0.007 0.004
36 0.007 0.001
40 0.007 0.001
90 -2
3-0.204 -0.06 -0.014 0.001 0.005 0.007 0.007 0.007
= 80 * * *> * *> * *> - -0 .
T €
£ 70 - -2 =
& . . - -4 £
a 60 —— Differential Fade Depth (dB) o
§ 50 —e— Differential Path Length (km) | -: g
= | ®
'% 40 - 10 &
g ¥ REPIN -
a 20 12.738 - -14 ;‘;
10 ¢- 1.099 0.352 0.114 0.037 0.012 0.004 0.001 0.001 - 168
0 = 8 = B B N -18
0 10 20 30 40 50

Number of Iterations (n)

Figure 3. Differential Path Length (DPL) and Dittetial Fade Depth vs Number of
Iterations (n).

4  Conclusion and Recommendations

4.1 Conclusion

In this paper, Differential Fade Depth with Pathngth Adjustment (DFD-PLA)
algorithm is developed and then used to deternfieeoptimal path length for a sample
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fixed point terrestrial LOS microwave link. The alghm requires link transmit power
and various link equipment and geo-climatic paramsetas input. It generates the
optimal path length; the optimal free space pa#)lasd the optimal fade depth for
the microwave link. The DFD-PLA algorithm adjusit® maximum path length based
on the fade depth differential, which in this pajsedefined as the difference between
the maximum fade depth (rain fading or multipatthirig, whichever is greater) and the
maximum fade margin the system can accommodatee atijusted maximum path
length is used to recalculate the free space pat) the maximum fade depth and the
maximum fade margin the system can accommodatepiuedure is repeated until the
maximum path length is found at which the maximuamdef depth is equal to the
maximum fade margin the system can accommodate.

4.2 Recommendations

In this paper only the Differential Fade Depth withth Length Adjustment (DFD-PLA)

algorithm is considered in which the adjustmente path length is based on the
differential fade depth. It is possible to use diféerential path length to determine the
optimal path length. As such, further work is reqdito develop and evaluate the
differential path length—based algorithm. Also, tabk about 37 iterations before the
optimal path length is obtained. More efficientaithm or adjustment parameter can
be used to reduce the number of iterations usedbtain the optimal path length.

Accordingly, further work is required to realisdet expected improvements.

Furthermore, there is need to evaluate the etiedtequency, link percentage
availability and other link parameters on the cageace cycle of the algorithm.
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