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I. INTRODUCTION

This technical report describes an analysis of the performance alloca-
tions for a satellite link, focusing specifically on a single-hop, 7-8 GHz
link of the Defense Satellite Communications System (0USCS). The analysis is
performed for three primary reasons: (1) to reevaluate link power margin
requirements for DSCS 1inks based on digital signalling; (2) tc analyze the
implications of satellite availability and error rate allocatioi.c corcained
-in proposed MIL-STD-188~323 [1]; and (3) to standardize a methodology for
determination of rain-related propagation constraints. The methodology will
then be used to calculate the 1ink margin requirements of typical DSCS
Binary/Quaternary Phase Shift Keying (BPSK/GPSK) links at 7-8 GHz for
several different earth terminal locations. ‘

...............
............................




 11. BACKGROUND

It is well known that one of the basic parameters for determining the
quality of digital information transmission is the average number of errors
that are received by the user. This parameter ran Le expressed in many ways,
the most common methods being bit-error-rate (8t) and error-free-seconds
ratio (EFS). The use of EFS is becoming increasingly popular as a perfor-
mance measuie due to its ease of application to digit:? Jata trarsmission
systems. .

Both error parameters express the same idea; that is, the number of.
errors per unit of measurement. The BER expresses the average number of
incorrect bits received per total bits received and is, therefore,
independent of bit rate. (Hence, the confidence level of a RER measurement
can vary widely based solely on the measurement time.) The EFS, on the
other hand, is based on one second time periods so that two sim1lar
transm1ssion paths with identical quantities of errors will have different
EFS ratios if they have differing bit rates.

A second basic digital transmissicn-qdality parameter is the
availubility of the transmission path. In general, the availability of a
path is the fraction of all time that the path will perform at a given level
of qualitv. When transmission equipment is not operating or if path
propagation degrades the signal below a specified error threshold, the
received signal is generally poor and the link is considered to be unavail-
able. Proposed MIL-STD-188-323 [1] defines the unavailability to be the
fraction of time that degradations of worse than BER « 104 and/or
equ ipment outages exist for durations of one minute or longer. (This
definition of unavailability was chosen to be long enough to exhaust most
user system internal error control procedures and exclude most propagation
outages.) As will be seen later, this new definition of availability will

-result in a significantly higher apparent availability numder of the circuit

without changing the actual circuit performance. Pictoral definitions of
both the “0ld” and “nuw" avax1ah111ties are. shown in Figures' ] and 2~
respectwely. - .

There are twd general causes for degradation of link quality, One fis
equipment malfuncticn which is reduced by proper equipment design. The
second an¢ most significant {s attenuation of the transmitted signal by
precipitation in the earth-satellite path, Precipitation in the path causes
absorption, scattering and depolarization of the transmitted energy and is
dependert on a number of factors, including gecgraphic location, season of
the year, frequency of the carrier, and elevation angle between the earth

. station and satellite. For frequencies below 10 GHz (e.a., 7-8 GHz as used

by DSCS and




0

hence this report), precipitation in tne form of hail, ice, fog, heavy vapor
clouds and snow are insignificant for attenuation purposes and are therefore
neglected here. Only rain-related effects will be considered here. The
effects of precipitation attenuation may be countered with proper

transmitter power control (i.e., margin control), site diversity or by use
of forward error-correcting techniques. '
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o II1. TECHNICAL DISCUSSION
1. PROBLEM DEFINITION

For many years, the nominal "static link margin* for SHF earth-satellite
paths has been 6 dB. This § dB figure was originally calculated assuming "
frequency modulation (FM) analog transmission and other factors that are
equally obsolete in today's digital transmission environment [2]. To arrive
at a relatively accurate digital link margin, the calculation must acciunt
for digital modulaticn techniques, differing earth terminal sites, clinates
and elevation angles. Given a specific requirement for availability and
error rate, each different site should be accounted for independently.
Therefore, this discussion will independently calculate required margins,
availabilities and error rates for eight current or future DSCS earth -
terminal sites. .

As previously mentioned, the most serious, variable degradation to DSCS
< signal strength is rain-induced fading. This fading is manifested by
. absorption and scattering (attenuaticn) in the path, increase in noise
temperature in the path and on the antenna, and depolarization of the
transmitted field.

* . For the purposes of this first approximation to the attenuation problem,
the aspects of noise temperature impacts of rain will not be considered.

Depolarization, although more complex, can be easily accounted for .
because at 7-8 GHz, it very rarely (<.005% of all time) exceeds 1 dB and then
only in tropical regions. Therefore, for the purpcses of this investigation,
depolarization will be neglected.

The most easily understood explanation of the.ciassical Zdevelopment for

~ determination of radio-freqiency wave attenuation due to »ain is presented
by Ippolito [3] and assumes that the intensity of the wave degrades
exponentially as it propagates through the volume of rain. The rain drops
are generally considered to be spherical and the contributions of each drop
are additive and independent of the other drops. The specific attenuation
(the often seen A = aRP relation, where A is the specific attenuation in
dB per unit distance, R is the rainrate in units of depth per unit time, and
a and b are functions of frequency and rain temperature) is then found from
‘these assumptions. The drops in actual rain are not 211 uniform in size and:
three drop-size distributions are commonly used: Laws and Parsons (41, )
Marshall and Paimer [5], and Joss, et al [6]. The a and b constants used in
the A = aRP rejetion are dependent on which drop-size distribution is '
.assumed. This relation is used in virtua!Iy al! of the present rain
attenuation models. .




Perhaps the most widely used rain models are those developed by R. K.

- Crane. C(Crane's two-component model [7] accounts for attenuation due to both
convective rain cells (such as a thunderstorm) and widespread light rain
regions (referred to as debris), and is most usaful for diversity considera-
tions.’ Crane's Global Model [8] is best used for the statistical estimation
of the attenuation distribution for a particular path and assumes a Law and
Parsons (4] drop-size distribution.

In a project for the Naval Electronic Systems Command, Feldman, et al
[9], have extended Crane's Global Model. The extension is based upon
weather observations and statistical determinations at a number of selected
~sites and frequencies of Navy interest. The model retains Crane's
"rain-rate regions” althgugh correction factors are calculated to account
for statistical variations within each region. Another extension of the
Crane global model made by the Feldman model is the division of annual rain
statistins into seasonal values. The model developed by Crane and extended
- 'by Feldman, et al, is the model used for this investigation.

One DSCS earth terminal site in each of Crane's rzin-rate regions was
* selected for analysis in this investigation.

2. METHODOLOGY

In the following analysis, the goal s to compute required link margin
for selected DSCS sites given the new availability and error-free second
allocation contained in the draft standard. To acromplish this, the problem
is worked somewhat in reverse. That is, using a mathematical model which
translates the new definition of availability (with the one-minute time
criteria) to the 012 availability (independent of time), a Tink margin to
meet a required 10™* BER is det~rm1ned. The fine-grain structure of
rain-induced fades below the 10~4 BER tnreshold is then analyzed to
determine on a statistical basis, those fades of duration less than one
minute which contribute to error<free second perfarmance vice those of

- greater than one minute duration which contribute to unavailability.
Summing fade contributions to error-free second performance with error-free
second contributions when no rain is occurring then yields the overall
error-frae second performance for the link. This process is then iterated
until a link margin is determined which yields an error-free second
availability performance consistent with the allocatisns in proposed
MIL-5TD-188-323. S : '

Specific steps in the analysis aré as fo!!ows'

2., When considering weather-relatad phenomeny, ‘u s relatively simple
to understand that certain periods of the year produce degradations that
are, on the average, better or worse than other pericds. As stated
previously, tie Feldmar. et al, report divices the annual raianfall
statistics intc four three-ronth “seasons". For 3 worst-case amalysis, such

as this 1nvestigati:n. the wor.: three.month “season® is detefminod for use
.threuqhoat the caleulation.

...........
............
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b. As stated in section II, two definitions of availability exist and a
method of mathematically transitioning from one to the other is developed.

¢. Having identified the worst season and “new® availability (with the
one-minute time criteria), one must first convert the "new* availability to
the "ol1d” availability. Then is is possible to determine the reaquired link
margin needed to achieve this required availability (based upon the “new™ or
"01d* availability).

d. It is known that fade durations span the range of one or two seconds
to many minutes. Because of the "new® availability definitinn, the depth of
. fades with duraticns under one minute and those cf greater than one minute
are required for a thorough analysis. Using the models of Feldman, et al,
these depths can be calculated and the corresponding error rates determined.

e. Having found the error rates for the various fractions of time
—i.e., rain fades less than threshold, rain fades more than threéshold with
durations of less than one minute, and rain fades more than threshold with
durations of c-eater than one minute--the next logical step is to add the
fractions in a manner as to determine’ the overall error rate.

. f. The analysis will then be concluded by taking a given margvn and
calculating the resultant availabilaty and error rate.

3. CALCULATIONS

. The object1ve of this section is to demonstrate a step-by-step calcula-
tion of the avax’abillty and error-free-second ratioc of any phase shift
keying (PSK) link given the location of the ea-th terminal, elevation angle
to the satellite and :he bit rate of the data -proposed MIL-STD-188-323
uses a'64 kb/s pulse code modulation (PCM) voi.e channel and therefore, so
does this analys 3). .

For this example, the Fort Detrick ML, earth terminal is considered,
using a 10 20 elevation angle to the Atlantic DSCS satelllte.

a. The worst 3-month period (season) must first be found. This is
accomplished by calculating the expected attenuation using the Feldman model:

A(P) = L(3)a(f ,Rp)v(D)[kRp(P)18(f,RD)-&0D) W

where A(P) is the attenuation at a given exceedance probability {P); L{e) is
the path length through the rain (a function of elevation angle, {9));
a{f,Rp) and s8(f,Rp) are empirical constants from Table ! (functions cf
frequency and rain-rate); y(D) an¢ &(D) are empirical functions cf D (the
surface projection of the appropriate portion of the propagation path) ang
are corrections to the spatxal correlation function for rain-rate: k is a

. correction factor for statistical differences within a.rain.rate region; anc

..............................

.....
...........




9% 3
.

(=4
-

.
[
-

&
23

— s

———— p—

—— Az -

—— T

o1 02 02" (U 0" ot° ot° ot ol
009 00y 002
o or° ot O° G or % o 9
st o s
o - I3 OC @i oo o
051 002 00v
W W R W w
oot . o0t
W awww
002 00¢ 0ot _
o T T & 0 & & &
00r 00t 002
o o1 o o or O o o U
002 005 009
93U o OU o or o o W
0s o8 st
warwww e o I or
ooy ooy osy
O° 6" .80 ®° o1 o1 ot o o
5 0z 1]
o o or or. or or o o o
02 os 05t
ot- o 027 o o0 o ST % ov
0oL oot 002
ST WO o oo
st 0s2 00¢

dag Bny (ne une Aey . ady amy Qa4 uer

=g

3

4

A

g

RO ... ‘12 .....l._o. wosy iy

b1 -0y 10114 3334
(ww) voyrenidydasg

"8 woi
Tetue

031§ voyIR1dy 04y
{ws) voyynaididasy

meL woel

ey

baug vayreijdyraid
(ww) voyavaidy g

N
YIRS K

() voiind)deNg

e Sujang

RIS naRG T Loy

(ww) vojyeyidideng

“weder jo v

Baiy worInyidi2ag

(we) v0y39119)5349

021 nsi
sIudd) (194

Baij voniidisey
(ww) voyinyid)dray

W
sa1pu; 3513

Baiy voyindieag
(we) uoyyey3dyd0ay

3511 S0¢
vy N

B33 wo e diosae
a-* U IR LATL 344

%l o
vea3g veioul

Baig uoj1e31d10ag
(w) voyinyydyseuy

309 WS
"y veysay

Ddug v0| 1011013349 |
-{we) voyynyydyrany

02 NSE
So..a.:.:vl.

baa; woi ey 8¢
T N TRU T TR S

0 59

N 'y -

© Dady ungityydyeig

(w) voyyeydydauy
FEFT 17

vivQ UCYIPINA}IDag (PUOSRIS PUP Ayjuoy "] #|Qe|

LT
NWTIY A
v e30]




Rp(P) is the one-minute surface-point rain-rate for a given exceedance
probability. For tre purposes of establishing worst season in this example,
P is chosen to be 1.0% which is equal to the DSCS design goal of 99%
availability (actually, the value of P is unimportant as long as changing
the resultant Rp(P) does not cause a change of a and g). These various
factors are calculated as follows:

L(e) = FH/sin o; where FH is the mean seasonal freezing height - - 12)
: from (Feldman pp 54-57) o

D = D* for D* < 22.5 where D* = FH/tan o - (3)
D = 22.5 for D* > 22.5 : ‘ o - | (4)
k = Rm,d/Rc,d : L - (85)

“ where Ry g4 is the méasufed. daily precipitation (the total seasonal ,
precipitation (mm) from Table I divided by 90 days per season) and Re,d is
the regional characteristic daily rainfall (mm/da) from Table II.

v(D} =.1 + (0/4.5) - 0.23 (D/4.5)2 + 0.0215 (0/4.5)3 : : (6)
§(D) = (D/21.5) - 0.98 (D/21.5)2 + 0.446 (D/21.5)3 (7)

e.‘a.and Rp(P) are chosen from Tables IIl and Iv.

In this example, the conétants and solutions to eduaiion‘(l) are:

 Dec-Feb . MarMay ~ Jun-Aug Sept-Nov
_rain-region . .D : 0 - d 0 |
TR (km) 2.5 ‘a5 4.8 6.2
" 1.3 1.11 IR IS
: 00549 L0049 - .COSa  ..gosa9
. e 1185 1188 - les
Rp . dlem/nr 3.1mm/he  3.lmm/ne © Ymm/hr
A(8) L. .15 | N N

. . S )




REGIONAL CHARACTERISTIC VALUES OF PRECIPITATION

Table II.
: FREQUENCY AND AVERAGE DAILY PRECIPITATION
“Characteristic values ik
Precipitation Average
Region Frequency Precipitation (mm/day)
A" 0.10 0.5
B' 0.25 ' 1.0
C 0.30 2.5
D 0.15 2.25
E 0.10 4.25
F . 0.08 . 0.75
G 0.20 '3.25
H 0.20 | 6.5

"Note: From Feldman, et al (9] |

-




“Table III. TABULATION OF a, 8 FOR USE IN Rp#

Temperature = 0°C

10-2. 9.66 x 102 . 1.1016 1.0367
Mote: From Feldman, et al [9]: interpolated whére necessary'. LP refers to

the Laws and Parsons drop-size distridutions. The subscripts L and H refer '
to low and high rain rates; the transition is at about 40 mm/hr.

......................

Frequency ' : s , B .
(GH2) (LP) (LPy) (LP) (Lp,)
1.0 6.41 x 10 5.26x10° . 0.891 0.947
7.5 5.49 x 107 4.28 x 107 1 1850 1.2585
8.2 6.95 x 1073 5.84 x 1073 1.1670 1.2396
21 7.05 x 1072 8.21 x 1072 1.1181 1.0728

Temperature - 20°¢

1.0 3.8 x 107 3.17 x 1073 0.889 0.945
7.5 - 3.52x107 2.77 x 1073 1.2961 1.3644
g.2 4.72 x 1073 4.29 x 1073 1.2998  1.3322
a 7.68 x

............
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Examination cf the above results indicate that the neriod of September
through November is the worst.

b. Because the "Feldman® availability is defined as the percent of time
that attenuation does not exceed the defined threshold (regardless of
duration) and proposed MIL-STD-188-323 defines availability (hereafter
called "MIL-STD" availability) as the percent of time that the attenuation
does noi exceed a defined threshold for durations of greater than one
minute, a method for transitioning from one definition to the other must be
found. Since the MIL-STD availability is a subset of the Feldman
"avaflability (i.e., includes only fades greater than one minute), a simple
method is available to accomplish this. Feldman unavailability includes a
certain percentage of less than threshold fades with durations of greater
than one minute and the remainder iess than one minute. To find the
percentage of these fades greater than one minute, another constant, k',
must be used. k' relates the precipitation freguency at the point of
interest to the frequency for the entire rain-rate region. Simply find the
point-season precipitation frequency (the seasonal precipitation frequency
at a specified geographical location) from Table I and divide it by the
characteristic frequency (the annual precipitation frequency for the
rain-rate region) from Table II (for this example, k' « 1.20). Then find
the corrected exceedance n-obability (P) by multiplying the Feldman
availability by k'. Use this corrected value ¢n the abscissa of Figure 3 to
find the rain-rate (mm/nr). This rain-rate myst also be corrected by :
myltiplying by k/k' (k value from step a. above). The percent probability.
of durations exceeding one minute may then be found from Figure 4. Havirg
found this percentage value, it is multipiiad by the feldman unavai1ab111ty
to determine the MIL-STD unavailability. In this instance, the required
unavailability is to be .40%. (.40% was chosen so that the path

“availability was relatively close to the 99.665% specified in the draft
standard and so tha* it was equal to the actual operational availability of
the average DSCS earth terminal). From this, “trial and error* iterations
must be performed by varying the Feldman unavailability until the specified
MIL-STD availability is found. After several iterations, the Feldman
unavailability is found to be ,49% with 81% of this time having fade
.durations greater than one minute.

c. Using Feldman's model, the minimum margin-reeuired to meet. the avail-
ability specified can now be calculated using equations 1.7 and P « ,49%,
For the example, the minimum required marqgin is found to be 1.13 d8.

d. If the margin is exceeded for durations less than one minute, the
resultant condition is attributed to signal degradation (error performance)
rather than outage (unavailability). Therefore, the next step must be to
calculate the average depth of these shorter fades. It has been calculated

- that for .49% of all time, fades tn excess of the margin occur and that 81%
of this time are for durations greater than one minute; therefore, for the
remaining 19% or .09% of all time (.49% x 19%), fades of less than one

minute are experienced.
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The corrected rain-rate is found from Figure 3 (applying k and k' as in Step
b) and again equations 1-7 are used to calculate the average (<1 mlnute
duration) fade depth of 1.85 dB. ~

e, Having found the average fade depth for degradations of duration
less than one minute, the corresponding BER may be calculated.

BER = Q [2 antilog (8.45 + required margin - avg fade deptkl]ll? - (8)
10

where Q is the complementary error function (often referred to as “erfc").
For the Fort Detrick example, the BER is calculated to be 9.7 x 10-5.

Then using CCITT's relation [10] to determlne the percent error free seconds:
EFS% = 100 e-BE - 53.7% ' o (9)

(where B is the bit rate in bits per second-and E is the bit error rate in
errors per bit). Therefore, it can be seen that 46.3% (100-53.7) of all
observed seconds are in error due to rain attenuation in excess of the
threshold (required margin) with durations less than one minute. This

~ assumes a random error condition (worst case). For the same BER of
9.7 x 10-€ under burst error conditions the résulting percentage of’
errored seconds would be much Jower {10, 11 ]

Recounting, it has been determined that:

(1) For .4% of all observed time, outaqes exist due to fades
exceeding one minute which contribute to unavailability

(”) For .04 (46.3% x..09%) of all observed time, errorred seconds
-are incurred due to excess rain with durations less than one minute.

(3) From (a) and (b) above. it can be seen .thzt 99.5€% of all time,
errors that occur are due to "clear air.' rain less :han threshold, and
equipment errors.

f. From Figure 3, using the k and k' corrections as befere. it can be
seen that for the 492 of all time that rain exceeds the thrishold, the .
average rain-rate fs 3.45 mm/hr. Therefore, assuming a 2192 hour season
(365.33 da per yr / 4 seasons per yr x 24 hr per day), at least 37.0 mm of
rain is accounted for, From Table [, an average of 200 mm of rain will fall
during the season; therefore, 163 mm of rain falls during the remaining
99.51% of the season.
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This gives an average rain rate of .075 mm/hr. Again using equations

2 -(7), the average attenuation experienced is..058 dB, and from eauation
8) the BER is 7.6 x 10-° (still assuming a 1.13 dB static margin). This

yields an EFS fraction of .99512 (99.512% £FS) or an errorred-second
fraction of .00488 (0.488% ES).

g. To find the overall error rate for any 30 day period, three error
sources are considered:

: (1) Excess rain (duration < 1 min) errors « 1,033 (.0004 x .996 x'
30 x 24 x 502)

. (2) "c1eaf~ air errors = 12,580 (.00488 x .9951
X 30 x 24 x 602 ) .

(3) Equipment errors (BER < 10-9) - 166

total = 13,779 errors
Ihefpveral! EFS% is then 100(1 - [13,779/(.996 x 30 x 24 x'602)]) = 99.47%.

h. Because the proposed MIL-STD specifies an EFS criteria of 99.9%, a
margin greater than the calculated “required margin® must be used and, the
actual path availabilwty must be determined. Experience has shown that at
least a 3 dB margin must be allowed for; and then using Figure 3, k, k' and
equations (1)-(7), it is relatively simple to determine through trial and -
error that for 3 dB, a 21 mm/hr rain rate must occur. Using the procedure
of paragraph b, the “Feldman® unavailability is found to be .028% and the

- "MIL-5TD" unavailability is .011%, or conversely the resulting “MIL-STD"
avaﬂabzhty is 99.9392.

Table V displays the results of this sample calcu]ation along with the
results calculated {following the same procedures) for seven other DSCS
earth stations in differing rain-rate regfons. Figure § shows the '
relationships betweer. margin and EFSE and "MIL-STD" unavailability for the
Fort Detrick example. The points on the plot were calculated using the same -
procedures from step b abovc and varying the margin.
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IV. FINDINGS AND CONCLUSIONS

1. As a result of this analysis, several significant find1ngs and conclu-
sions have been reachad.

a. The most signi“icant finding is that the "nominal® 6 dB margin used

“in the DSCS system design appears to be excessive. One must only look at

Figure 5 and note that a minimum margin of 3.55 dB is required to meet the
specifications of proposed MIL-STD-188-323 [1]. An additional amount
{pérhaps .5 dB) should be added to compensate for other climato-

logical path anomalies such as depolarization. Therefore, a 4 dB marg1n
would be sufficiert at Fort Detrick to counteract any pronagation conditiuns
which could cause performance lower than the specified standard. This, of
course, assumes that the path anomalies are not abnormal, e.g. no nuclear
scintillation. [t is, therefore, recommended that SHF static margins be
reevaluated for each site independentiy and verified, by physical error
measurements, to provide proper margins and increase channel capacity of the
links. Additionally, the phencmena of increase in noise temperature, both
of the atmosphere and the antenna, should be calculated and measured to
determ1ne its magnitude.

b. Hithrn the satellite community, there is a general lack of under-
standing of the error-free-second (EFS) parameter. Figure 6 ‘displays a plot
of BER versus EFS that may be used for convenient conversion at 64 kb/s.
Using equation (8), EFS ratios for other bit rates are simple to calculate.
Since the equation assumes a.random distribution of independent errors, it
therefore, ignores “burst errors" which must be a concern in satellite
communications. It does, however, approximate thz wose case errored second

. condition. 'The error-free-seconds models, as used in the articles of

Huckett and Thow [11] and Rollins [12], are based on a sum of Poisson

distributions and, therefore, account for some clusters of errors.

c. While the rain attenuation models currently available .are very qccd,
the Feldman mode!l and the results presented in Table V make it apparent the:
individual site characteristics must be measured to assure accurate values.
particular!y at EHF fregquencies. This requires a minimum of 7 to 10 years

. 0y rain data collection and, therefnre, makes using these rain models

-----

desirable, if not necessary.

............
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