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OBJECTIVE

Establish a channel model and data base for designing sky wave modems. In
particular , make a literature search of hf channel modeling and study both the Watterson
model and the physics of the channel. Present a plan for acquiring available information to
complete any necessary modification of the model.

RESULTS

I. There are two basic sources of distortion associated with hf paths: time
dispersion and frequency dispersion.

2. The best known hf simulator is that developed at the Institute for Telecommuni-
cation Sciences by Watterson . It is limited to system bandwidths less than 2.5 kHz
at night and less than 12 kHz during the day.

3. An important source of distortion of ionospherically propagated signals is the
dispersion caused by ionospheric refraction.

4. For a 100 k I-lz bandwidth , dispersion caused by ionospheric refraction is
significant if A r/Af is greater than or equal to 3.14 X 1 0-4 ms/k Hz.

5. To measure dispersion accurately enough to provide design information for
dispersion correction filters, 62.8 j.zs resolution in time delay is necessary for a
IOU kHz bandwidth.

6. An alternate approach is presented to hf channel simulation that is usable when
the ionospheric dispersion is so large that it would call for an excessive number of
taps in the Watterson model.

RECOMMENDATIONS

When using the Watterson hi’ c hannel simulator , install frequency dispersion
correction filters on the tap delay lines for frequency bandwidt hs greater than
2.5 kHz at night and I 2 kHz during the day.

2. To achieve the needed resolution in time delay, use an oblique sounder system
employing comp lementary sequences or modulated pulses.

3. Control this sounder receiver by a microprocessor or a minicomputer.
4. Use atomic time or frequency standards for timing the frequency sweeps.
5. Use a processor that has interfaces for a terminal, a CRT display, a magnetic tape

recorder, and an auxiliary device.
6. When measuring the performance capabilities of a modem with a channel

simulator . use the single-and-multiple-distortions approach discussed in this
report.

7. Use the Jones ionospheric ray tracing progra m to determine the time delay versus
t he frequency and range dispersion relationships to be used in the corrective filters.

8. Write a report discussing the significance of the various system distortions that
can be caused by the channel. Relate these results to those obtainable from the
Jones ray tracing program.
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9. When the spread of arrival times of the ionospherically propagated signals

causes an excessive number of taps to be required in the Watters on model , use

the alternate approach to h f  channel simulation, described in this report.

ii 
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INTRODUCTION

Iwo methods are commonly used to evaluate the performance of hf radio
communication systems: theoretical analyses and experimental measurements . Both are
desirable and each has its advantages and limitations.

in theoretical analyses of system performance , various hf channel models have been
used. Prediction tec hniques normally used are a form of non-real-time modeling or channel
esti m ation and normally do not take account of the more transient propagation mechanisms.

Experimental measurements of system performance have been made over actual
ionospheric links , but they are usually difficult to obtain and to apply. Most of the
difficulties can be avoided by means of experimental measurements made with a stationary
channel simulator in the laboratory . Consequently, there has been a rapidly growing interest
in t h e  development of hf channel simulators . (See bibliography entries under Watterson
Model and all but the last two under Channel Modeling.)

An hf channel simulator provides a means for a communications engineer to optimize
his use of an hf propagation path that has dispersive , time-varying properties. A simulator
provides access to the va lues of parameters of an appropriate real-time ionospheric channel
model which describes the path behavior adequately. “Real time” in this context implies
that the parameter values can be updated at a rate exceeding the maximum significant rates
of change of those parameters . Once the model has been developed , the engineer can then use
it for optimally adapting the signal format and signal process ing algorithms for communi-
cation system development.

In general, there are two basic sources of signal distortion associated with hf paths:
time dispersion and frequency dispersion. The effects of these mechanisms can be represented
by the “channel scattering function.” This is a composite function that shows the dispersive
effects of the path on an ideal impulse in the time domain and on a single cw tone in the
frequency domain. Distinct propagat ion modes might be due to refraction in different
ionospheric layers , multiple refractions in individual layers , or both. Any given scattering
function is a va lid description of the path behavior only for a specified rf carrier and only
while the “dispersion surfaces ,” or probability distribut ions, remain sensibly constant . In
the longer term , time variations of the path parameters will cause changes in the number of
modes , the mode amplitudes and delays , and the shape of the distributions associated with
each of the modes.

Although an unproven channel model can provide useful information, results must be
weighed with caution since they may not be typical of the hf medium. More useful would be
a m athematically tractable channel model that is known to be a valid representation of the hf
medium for the largest practicable percentage of typica l hi links. On economic grounds . it is
important for the channel modeling techniques employed to be no more complex than
necessary and to be tailored to provide only that information w hich has direct relevance to
the communicator. As an example , the modeling detail needed for wide band systems is
greater than that needed for narrow band systems because of the added frequency dispersion
in the ionosphere . For narrow band systems less detail would be necessary .

.5- - - —,
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SYSTEM DISTORTIONS

In an digita l radio communication s yst em , the signal delivered to the modem re—
cc iver is genera lly a distorted vers ion of the signal that t ime modem transmitter should ideally
generate. The sou rces of distortion iii a dig ital radio com munmcati omis sys t emmi  are as follows

Transmitting Equipment
Modem transmitter

Ri transmitter
Chani~eI (transmitting to receiving antenna)

Receiving equipment

Rf receiver
Modem receiver

The types of transm itting and receiving equipment distortion that can occur are as
follows :

Additive
Thermal noise

Quant izing noise

Interference (internal )
Multiplicative

Synchronization (delay)

Filtering (frequency selective
AGC (time selective )

Nonlinear

The types of distortion that a radio channel can impose on a signal are as follows:

Additive
Gaussian noise
Atmospheric noise
Manmade noise
Interference (unwanted signals)

Multip licative
Multipath time scatte r (frequency selective )
Dispersion time scatte r (frequency selective )
Doppler frequency scatte r (t ime selective )
Fading frequency scatter (time selective )

‘Office of TeJecommunica liolS Report 75-56. HF Channel-Simulator Measureme nts and Performance
Ana lyses on the USC-hO, ACQ-6 , and MX- l90 PSK Modems , by CC Watterson and CM Minister , July l ’)”S

1
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All these types of ’ channel distortion are present on ionospheric communication channels
Dispersion is a variation in the velocity of propagation with freq uency over an~ pa th in a
channel, It causes the delay characteristics for that path to ~arv with frequency

In general , the small distortions introduced by the transmitting equipment are
relatively unimportant and can be ignored. The channel distortions , lio~~e~er. can he ~uh’
stantia l and are of primary importance. While the distortions introduced h~ t he recc i~ mng
equipment may not be larger t han the distortions introduced by the t tamts m u t ing equm pnme nt .
theit’ e f fec ts  on the system performance are much greater when mu ltiplicative distortion is
present in t he channe l, and their presence cannot be ignored.

WATTERSON CHANNEL SIMULATOR

Watterson et al.. of the Institute for Telecommunication Sciences (ITS ), undertoo k a
program in 1965 to develop specialized propagation measuring equipment , to obtain measure-
ments of typical ionospheric channels , and to analyze those measurements to determine t~1e
validity and bandwidth limitations of a proposed channel model. Based on these measure-
ments , an ITS ionospheric channel simulator was built.~ ’3 ’4 This simulator is presently
capable of accurately simulating all types of channel distortion listed except manmade noise.
They found that their channel model could be considered valid over a bandwidth that is
approximately one-fourth of the reciprocal of the effective time spreads on the ionospheric
paths. For the measured channels , these bandwidths were 2. 5 kHz for the nighttime samp le
to a maximum of 1 2 kHz for the daytime samples. They feel that if the time spreading on
each measured nighttime path were caused primarily by the differential propagation time
between the two magnetic components , the use of separate taps for each magnetoionic
component would yield a model that would be valid over a larger bandwidth.

A block diagram of the channel simulator as it is used in non-space-diversity measure-
ments is presented in figure I. The input (transmitted ( signal feeds a delay line with several
t aps , one for each propagation mode or path , numbered 1 .2. . . - n, where n is the maximum
number of modes or paths. The present Watterson simulator shown in figure I has four taps.
The position ot’ each tap can he independently adjusted to a delay , r~. This adjustment
sets the differential path delays and determines the multipath distortions. Each tap delivers
a delayed but e ffectively undistorted version of the transmitted signal to a path gain multi-
plier , where the signal is modulated in amplitude and phase by an independent, stationary.
complex , baseband function termed the path gain function, G

~
(t

~
. to provide the frequency-

scatter distortion (both Doppler and fading) on that path. Each path gain function

G~
(t ) = [G~ + Gi( t ) 1  e xp (j27r P

~
t),  ( I

Watterson , JR Juroshek , and WD Bensema , Experimental Confirmation of an Hf Channel Model .
IF EE Trans Commun Technol , v 18 . p 792-803 , December 1970

3ESSA Technical Report ERL II 2-ITS 80, Experimental Verification of ’ an ionospheric Channel Model .
by CC Watterson , JR Juroshek . and WD Bensema , July 1 969

4ESSA Technical Report ERL 127-ITS 89, Recommended Specifications for Ionospheric Channel and
Atmosp heric Noise Simulators , by (‘C Watterson and RM Coon . September l96~

3 



— .5- ’ _~~- i .~~~~~~ 

TRA NSMITTED
SI G N A L

D E L A Y  L I N E

INTERFERENCE

CW
GEN

G 1(t I G21t( G3 (t) G4 I m I

~~~~~~~~ L~~~~~~ L~~~~~ L~~~~~ 

RECEIVED
SIGNAL

ATM GAUSSIAN
NOISE NOISE

SIM GEN

Figure 1. Channel simulator for iiomi .spa cc .d ive rs it~ measurements. I

where 
~ i is a complex nonl’ading specu lar component and ~~~t )  is a comp lex fading Gaussian-

scatter component with Rayleigh amp litude distribution and uniform phase distribution.
The exponential t~ictor introduces a Doppler frequency shift . i.’1, that is common to the
specular and Gaussian-scatter components.

The spectral characteristics of each pat h gain function. G1( t ) .  are descr lhcd h~ the
path gain spectrum. V 1( v . as follows:

1
1 1 1 —I I _ 1

%I .e ~~~~~~— 5 t  — ~~~ ~~— —~. V — Z ” ’ . _ (J ’  -~I ’ — ‘ 1 ‘T’~~—~’ ~ I I .  I . - )
a 1

which is the power spectru m)) of G1 t ). The first term is t he specular component. with a
Dirac-delta function spectrum and specular attenuation whi le the second term is the
G~tussia n-scatter component. which has a Gaussian-shaped spectrum with a frequency spread
I ‘ad in~ rate ) o~ and a Gaussian—scatter atten imatio n ~~ ‘I’hc spec ular and ( ;:IUssI:Ifl-5L~1t Icr
attenuations are both power ratios : the transmitted signal po~ver divided by the receive d power
in that coniponent. Equation ( 2 )  is illustrated in figure 2. l ive paranieters toget h er comp letely
speci f y  each path ga in l’unction and path gain spectrum : specular component attenuatIon.
specular component phase . Gaussian-scatter component attenuation. Gaussian-scatter con~-
ponent frequency spread. and Doppler shift .

‘[he delayed and modulated signals from the tour paths in figure 1 are summed with
each other arid with Gaussian or simu lated atmosp heric noise to form t h e  output ( received )
s igna l. When internally supplied cw interfe rence or other c\te rna lly supi~ted interference is

used, it Is introduced in place of one or more of the delayed signals so that independent
l)opp ler and lading can be introduced. If wide band externa lly supplied inte: ference isused.

4
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Figure 2. Path gain spectrum. 1

a second delay line is necessary for the interference , and this is not presently available. (Wide
band here m eans having a bandwidth larger than the reciprocal of the maximum differential
delay typical of hf.)

In hf channel simulation, each Gaussian-scatter component . G~
(t), represents in

genera l one magnetoionic component when the two magnetoionic components in a high or
low ray have significantly different Doppler shifts or delays. When the Doppler shifts and
delays are essentially the same , a single path can represent both components.

The channel simulator also has linear dispersion filters that can be inserted in an~
path) between the delay-line tap and the path gain niultiphier. Tlìey are all-pass filters with
delay characteristics that are linear in frequency and with selectable amounts of dispersion
(delay slope). Since the filters were developed for vlf ’lf simulation , they do not neces sa r ii~
represent the time-delay-frequency slope ot’ an oblique ionogram and are not usable for hI
simulation.

Table I summarizes the numerical values of the channel simulator parameter s that
are available in the ITS Ionospheric Channel Simulator. The decibel path att e nuat lons .
are del’ined as 10 log (a 1 ). The attenuation values shown are accurate over the range ut .itlen-
uations normally used except w here A1 oc. Here , 99 dB settings are used, and acc ur.t~~
is of no practical importance.

S
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TABLE I. C H A N N E L  SIMULATO R SPECIFICATIONS. 1

Parameter Available Values Accuracy

Bandwidth , B 3 ,6 . or 12 khIz
Nunuher of’ Paths , n 4 maximum — —

Delay, r~ 0 to 10 ms in 20-ps steps 0.5 ps
Dispersion , D1 0. (00, 220 , and 320 p s/ k II i  2 X 10.2

Specular Atten , A
~ 

0 to 100 dB continuous 0.2 dB*
Specular Phase , 8~ continuous (modulo 2~ ) 0.01 radians
Scatter Atten , A~ U to IOU dB continuous 0.2 dB*
Frequency Shift , 

~~ 
lr€tl Synthesizer: 0, ±1 , ±2 , or I X lO~
~5 X 0.Ol. O.1 , I, lO ,or IOU Hz
Ext Synthesizer: -500 to +500 1 X 106
Hz in 1-mHz steps

Frequency Spread. 2o~ Each Path: l.2, or5  X 0.O l, 2 X 10-2
0.1 , 1 , lO ,or 100 Hz
One Path: 1 .00, 1.33 , 1.78 . 2 X 10-2
2.37. 3.16, 4.22 , 5.67 , or
7.50 X 0.01 , 0.1 , 1 . hO , or
100 Hz

Fading Spectru m , v’ (v)  3- pole approximation of ’ Gaussian <0,03 dB**
Signa l to Noise. Lb/Nd -100 to +90 dB continuous .

Gaussian 0.2 dB*
Atm 0.5 dB*

Atmosp heric Noise hf: 7.2 dB in 2.7 kIlt ‘ —

Impulsiveness , V d If: 10,8 dB in 2.7 kIlt — —

If: 9.0 dB in 2.7 kIlt —

Signal to Interference, s/ i 100 to +90 dB continuous 0.2 dB*
Space Diversity Single or independent dual — --

Internal Distortions
Additive <—70 dB relative t~ signal + noise -‘

Nonlinear <—70 dB relative to signal + noise - —

*Ove r range of significance ** Theoretical

(I 
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CHANNEL CHARACTERIZATION

In analyzing the performance capabilities of modems suffering multiplicative
channel distortions , it is useful to have theoretical statistical descriptions of the channel
freqilency-scatter and time-scatter characteristics in addition to1 the channel simulator
parameters. Two statistical descriptions for stationary time-varying channels given by
Bello 5 and others are the channel correlation function and the channel scatter function ,
which can be obtained t’rom the channel time-varying frequency response. From figure I
and equation I ). it can be seen that the complex channel tim e-varying frequency response
for the ITS channel simulator model

HI f.t ) = 

n 

exp (-j2~ T~f) (3)

and the channe l correlation function

R(~~f’.~~t )  
~~~~ 2t 11~ 

I 
H* ( t ’, t ) H ( f +  ~ f , t + ~~t )  dt , 

(4 ;

where the asterisk (*) denotes a complex conjugate. The channel scatter function then is
the double Fourier transform of R (~~f4t):

p0° ,.00

Sir , v) rJ J R(M’4t) exp (j2irrM — 2irr~~t) d~~fd~~t. ( 5 )
-00 -~~

For the ITS channel simulator model, it can he shown that the channel scatter function

n
S(r ,u) = 

~(r — r
~

) V
~
(v) , (6)

i= I

where V 1(~ ) i~ the path gain spectrum specified by equation (2). While S(r,m’) is dimension-
less. it is a power-ratio density function: it specifies the power in the received signal per
unit delay and per unit frequency offset , divided by the transmitted power , as a function of
delay, r , and frequency offset , v. It specifies how the signal is scattere d or distributed in time
by the multipath delays and in frequency by the Doppler shifts and fading. It is not a des-
cription of a signal, but rather what the channel does to a signal.

Additional statistica l descriptions are also useful (Watterson , et al)3 . The channel
I’requency-scatter function

00

Vc(i~) f S(r ,v) dr

=~~~~Vi(v )  . ( 7 )

5PA Behlo , Characterization of Randomly Time-Variant Linear Channels, IEEE Trans Commun Syst II,
p 360-393, December 1963

7
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The channel frequency-sca tter function , like the path gain spectrum ol each path , can he

described in terms of j i Doppler shift and frequency spread. ‘I’o do this, it is necessary to

normalize equation ( 7 )  so that i t s  integral is unity. Since S(r& ’t is a power- raRo density
function , it follows that the channel attenuation

~
. 1,00 

p
00

J J S(r ,m~) drdv
-00 -00

and the normalized channel f requency—scatter  t’unction is a c V c ( r’) . ‘l’he channel l)opp lcr
shift them ) is the t’irst moment of ’ the normalized channel frequen cy—scatt e r f unction:

00

V c =J

’• 

V L~t c’v’c ( V ) I  dv

n ( + ) ~ 
. (9 )

where equation (2 )  and equation (7) were used to obtain the last form. The channel fre-
quency spread , 0c~ 

is defined as twice the square root of the second central moment of ’
the normalized channel frequency-scatter function :

1/ 1
00

2 v La cV c(v -

1 / 1
1 2 1 I —

2 [a c~~~ 

~~ 
~°r 

) 

~~~~~ 
‘ 

( 10)

These definitions of ’ channel Dopp ler shift and channel t’requency spread are consi stent wit h
the corresponding path definitions~ ie for a single path channel , equations ~ and I 101
yield the path Doppler shift and path frequency-spread values of ’ equations I I and (2 ) .

The time-scatter characteristics of the channel can be described in a similar wa ’s .

The channel time-scatter function

U~
(r )  f  S (r , p ) d v

= ~~~~~ ‘+~~~~~~ (r r )  . t I l l
i=l 

a
~ 

a1/

8
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,
The channel delay, Tc. is the first moment of the normalized channel time-scatter t ’unction :

00

Tc = rla c Uc( r ) J dr

ii

ac~~~ 

~ ~i) 
T i ,  ( 1 2 )

and the channel time spread , 2p~, is twice the square root of the second central moment of
the tiormahized channel time-scatter function :

1/ 1
2 
[L

00

T2
c Uc T _ T c IIdnj 

-

1/’

= Eac~E ~~~~~~ 

T
I

T
.] 

- 

( 13 )

If time in the preceding equations , ( 1 )  through (13), is measured relative to the transmitter
timing, all path delays , r 1, are positive , amid the chanmiel time delay is usually much larger
than the channel time spread. Since a constant time delay can be subtracted from the channel
(ie . the same constant subtracted from all path delays) without changing the distortion
present on the signal, it is convenient in analyzing modem-receiver performances to measure
time such that the channel delay in equation ( 12) is zero. When this is done, the channel
scatter function in equation (6) for a channel with two Gaussian-scatter paths (no specular
components)  wo uld appe ar in general as shown in figure 3. The two paths might represent
one- and two-hop propagation modes via the F layer of the ionosphere . Because the channel
time delay was set to zero , the first path has a negative delay r 1 and the second path has a
positive delay T~~.

9
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Figure 3. Scatter function tom a Iwo-pat h channel.

1)ISPERSION DUE TO IONOSPHE RIC REFRAC TION

A source of ’ distortion of ionosp herically propagated signals is the dispersion as a
consequence of’ ionospheric ret’raction. This dispersion m a n m t ’ests itself by altering the
phases of the various frequency components of ’ a signal so t hat they are not coherently
combined by the correlator .6 ’ .8

The phase distortiomi imposed omi a signal by ionospheric dispersion tiia~ he repre-
sented by a transfer function of the form e~~~ w here the argument ~

( f) represents the
variation with t’requency of the phase retardation over the propagation Path. If 0(f ) is a
limiear (‘unction of’ f’. there is no dispersion , and the transfe r l’unction then represents on ly

the propagation delay over the path. Suc h a group delay. r , may he represented as

dØ( f)
r = , a constant. ( 14 )

I lo~ ever , if the variation of ~ with frequency is nonlinear, so t hat

T = , , not a constant , Il 5 )

then dispersion, with i ts consequemi t distortion , is present.

6hlectrop hysics Laboratories Project Report 236 , Dispersion (‘orrection Study, by RN DeWitt . J R Earhart.
and JD Kolesar , August 1973
7Electrophysics Laboratories Project Report 243. Dispersion (‘orri .’ction Study, by RN DeWitt. JL Wheeler.
and Li ~~~~ d’ , Jr . March I (p74

~ILleCir )p hi~,s iC5 Laboratories Project Report 207 . Estimates of Distortion of a Wideband Signal Propagated
v ia t ime Ionosp here , by RN I)c %~iu. JR La r hia rt , and JD Xoi cs ar . September 1972
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Ii) the development of ’ the Watters on tap delay simulation mode , it was assumed
that the time delay was stationary with frequency . Watterson himself found that his model
was limited to a bandwidth of I 2 kIlz for daytime samples and 2.5 kIlz for nighttime sam-
ples. II’ this m odel is to be itsed for larger bandwidths , it must incorporate some means for
tolerating or adapting to the existing iomiosphermc phase shift and delay.

Au examination oh ’ ionospheric sounding seems to indicate that the group retardation
over the path var ies smoothly with the portiomi of the hf spectrum where any given propaga-
tion mode ex ist s . For a t’ixed path. the group delay distortion may be different t’or each
mode. If such is ti -me case , cor rective I’ilters could be added to each tap or precorrection of
the signal could be t’eas ible. The amount ol’ dispersion on a signal is a function of the partic-
ular ray paths bet ween the termim ials of the communication link. Consequently, the disper-
sion will vary as t he path end points vary, and a correction made for a signal between the
fixed terminal and a remote point is not appropriate to a path between the fixed terminal
and another point sufficiently displaced t’romn the first.

In propagating via t he ionosphere , if the signal experiences a frequency dependent
phase delay 0(f) , we may approximate 0(1’) by a Taylor series expansion about the band
center . 

~~~ 
Thus

~(f )  = 0(I’~
) +0~) (f0 ) (t ’ — f 0) + 1/ 2 

~
1O~ ~~~ ~~)2 + ( 16 )

We ignore the first two terms , since the Watterson model includes these terms in equation
( 3 ) .  Assuming that the third term well represents the remaining variation of phase, the
variation may be regarded as seriously degrading to the signal if . over the interval extending
from the hand cem iter to the band edge a difference of b/2 in frequency— , the phase con-
tribution of the third term varies through a half-cycle. That is, if

1/2 ~0’ f o b/2 :]=~~ 2.  ( 17 )

Solving for 0~) If 0 ). we find t hat this condition occurs if

, ,t ’ ~~çj~r
~~~ 0~~~df

41r ( 18’ )
h

The dispersion may be regarded as significant if b/2 
~ ~~~~~~~~~~~~~~~~~~ 

where ~ r/~ f in

s /Hz is the slope on ti- me ionogram at f0, the center frequency. If the spectral components
are summed without correction under such circumstances , the components of the signal at
hand cem iter will tend to be canceled by the frequency components of the signal at band
edge . Intermediate components will be only partially canceled : thus t he condition does not
imply a strong degradation ol’ the signal. Rather it represents the point at which dispersion

begins to become serious. Figure 4 is a plot of b/ 2 in kl-Iz equal to . . where ~ r ~ I

is in ms kHi. If the dispersion has been corrected , figure 4 is a measure of the resolution
necessary to obtain adequate dispersion data for simulation purposes. At h!2 of 50 kHz. for
instance , the resolution necessary would be 62 8 j~s in time delay.

I I
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Figure 4 . Ionosp heric bandwidth) dispersion limit.

Figure 5 is a backscatter ionogram l’rotii ti -me Chapel Bell Radar at White house . ~‘ir-
ginia.6 The slope at tile frequency of measurement was S X 10~~ ms 1kIli. This corresponds
to a distortion half-band. using the above criteria , of 260 kIlz. Straight lines are dr a w n

tangent to the oblique ionogram traces at the frequency of measurement. l’or two targets.
A line parallel to the upper trace is drawn so as to intersect the lower , am - md the difl’erence in
slopes of the lines is determined from a measurenient of their separation at a distance from
their intersection corresponding to 3 MHz. This difference divided by ti- me time separation
of ’ tile two ionogram traces at tile frequem icy of measurement gives tile range dependence of
dispersion.

At the MUF of any of the received mi-modes (IT df = 00, If the upper edge 0!’ the hand-
width b is at the MUF. a worst case for dispersion is established. The botm ndary condi t ion
defined by the MUF can be used near the MUF to define a power series fit to ti - me ionogram

ml + I
A1 ( f _ f ’

0 )J”~~ ( 19)
j = I

12
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14 OCTOBER 1971
1 252 Z

7 10 12 BEARING 290°

FREQUENCY , MH z

I t ~ uR’ 5. Back scatlc r ionograin from Whitehouse VA , scaled to deter-
mimic the range dependence (It dispers ion (10 , 14 . 71 , 1 252Z).6
Note: A backs catt er ionogram s hows reflections for several
ranges: w hereas an oblique im ic idence i000gram is for onI~ one
range . Each range has a d i f ferent  slope .

wllere

delay till -me (ms)

= carrier frequenc y (Mi l l)

f = operating lrequem icy ) M liz)

ii = order of ’ polyn omial
= p~~ver series c o e f f i c i e n t s .

i:or ti le powe r se rie s model , the phase dmstortio ii

ti+ 2 1

= 

~ ~
\ I_ 1 ( f _ t ’0~lj t - 5 i ) .  (20 )j =3

II is awkward to WI o k  w i t h  a power series ex pans ion in t h is respect because an adjust—
ment d t lie coeff icient of a higher term to improve the lit will affect the correctness of an~
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prior ad ustm nemlt of lower order coef l’icients . ‘I’o avoid t his interaction , it is preferable to
employ a set of ’ ort hiogomtal l’unct iomls , the adjustments for which are independent of one
anot h er . 6 Orthogonahization of simp le power laws over the bamldwidth of ’ the signals lends
to phase—correct iiig functions which are Legemidre polynomials.6

T ue amllOuI mlt 1)1’ dispersion appearing on the oblique iomiogram varies with time of
path range . seaso it . an d mode as well as with envifOllmental conditions. Usually the

slope will be larger at night tham i during the day am - md at short ranges.

EXTENSION OF SIMULATIO N TECHNIQUE TO WIDE BANDWID THS

‘rile timl ie delay l’or eac h mode or propagating path is a measurable quanti ty over ti -me
frequency bandwidth. It’ we assume ti - mat the tin e delays t’or t he ~~ mode are kt-mowmi as a
funct ion of frequency and rat ige . then the time delay caii be approximated by a polynomial
lumict IOfl of f requency and range :

n+1 j+l
( l

’

~~ 
R~ ) = 

~~ ~~ I’ — t o R — R0 )J”  I ( 21 )

n=l j~ l

where f() and R0 are reference frequency and range. The coef’I’icien ts can be determined
f rom miieasuremnert ts or t’rom ionospheric ray tracing. 9

l’lav imig detert iiitied r (t ’.t ). then a i-mew G
~
(t .f ) is t’ound by using the relationshi p

G~
(t .t ’ ) = g1( t )  + g ( f ) . ( 22 )

Equation ( 22) includes g~( t) , wi’iicii is ti - me G
~
(t ) of tile Wa tterso n m odel.

‘[lie tunctiot i of ’ g~(f ’) can be applied by adding a corrective filter to each tap which
would represent the dispersioll spectra , g(f) .  relative to f0, ti-me bandwidth center. Each 10
would have a different filter. Tile m umber of taps would depend on the amou nt of correc-
tion desired for each filter amid would be equal to ti -me b~ T product of ti -me ionosp herica hl~
distorted signal. where b is tile bandwidth at - md ~T is the range of times over which tile
various triodes are spread.

Typically, the spread of arrival times might be a few milliseconds. so for a 100 klli
signal a few hundred taps would be required. One could also model thie various n-modes
individually. with l’ewer taps. [“or examp le , if the F-scan of ’ the path imidicates a mode Ilas
a range of delay of ’ ~ T over t le  bandwidth of interest. W . omie ti-may be able to Illake a satis-
t’actory signal mode mnodel with W~ T taps. However , it mi- may prove to be awkward to orches-
trate sevem ’aI se pa r a t e  modes in this fashion.

9Office of Telecommunications Report 75-76 . A Versatile Thiree- Dmniensional Ray Tracing Computer Pro-
gram for Radio Waves in the Ionosp here , by RM Jones and JJ Stephenson , October 1975. This is a versa -
t ile program for tracing rays through an anisotrop ic medium whose index of re fraction varies con tinuously
in three dimensions. The program can represent ti - me refractive index by either the App ielon.hlai tree or the
Sen.W yllcr formula. The program has nine ionosp heric mi-models for electron density. eight perturbations
( irregularities) to the electron density models , four mode ls of the earth’ s magnetic field , and four models
of t he electron collision frequency .
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For a real-time model, tapped delay hities as discussed above might be well suited t o

t Ie task. The necessary tap weights could be com nputed last enough in a small processor to
keep the m- mi suitabiy updated t’or mnodeiiiig gradual ionospheric variations , while the iono-
sp heric “filter ” would take place in tile time domain and could take place at a much higher
mate. A similar process could be used to correct distortion iii a working system.

AN ALT ERNATE APPROACH TO HF CHANNEL SIMULATION

RN l)cWitt h O  has e xpressed some reservations about the W attersomi channel simu-
lator. ‘I’liese mostly concernl his use of tat) weights that are “comp le.x (bivar iate) Gaussian
stationar y ergodic raildom processes with tero mean. DeWitt feels that this kind of ’ model-
imig seems to he more of a carryover l’rom early low resolut iom ’m studies. TI-mat is , iotiosplieric
signals have always been observed to undergo a greal deal of fluctuation as a result of umire-
solved multiple propagation modes that im iterf ’ere with one another.

h owever , there is some questioml as to whet ller these same fluctuat ions would appear
on a single resolved mode . For t h e  miiodes to be et it ire lv resolved , a rather wide batidwidth
would be required. particularly imi the case of magnetoiom ’iic sp litting. But once the Il-modes
are resolved . what mechanisms exist to produce fluctuations ? Of course , there are some. For
example , there are absorption effects , such as SIDs. that will reduce signal strength . at - md TIDs.
which may either iiicrease or decrease signal stre migthi of a given mode through I’ocusing.
Diffraction by sporadic I’ irregularities could co nstitute a third mechanism . These phenom-
ena are not always present , however , arid even when they are , it is unlikely ti -mat t hey are well
modeled by a bivariate Gaussian zero mea n process. Diff ’raction from irregularities is ti -me one
that could sometimes produce a Gaussman process.

Au alternate approach to hf cl - mat - mt - mel simulatiom i is presetited here. Ti-mis approach
provides the transfer function I’or a single propagation mode : thie effects of multimodimig
would have to be handled by a superposition of’ sitch transfer funct ions, A subset of ’ a
receiver system has been described. Ti-me character decoding can be done many oth er ways
but has been imicluded here to illustrate the use of ti-me ionospheric model applied to both a
ran dom waveform am -m d a pure character waveform.

A waveform. W (t ), can be written as a modulation function. M(t), and a carrier wave.
cos (2

~~c
t + 0 ) :

W (t )  = MU) cos ( 27r 1’c t + 0c ’) ‘ (23 )

T ue frequency independent portion of ti -me fiinctioi ’m G
~
(t.f) can be included ill the model

when each sample W It) is calculated. Thus

W
~ 

(t + g1( t ) )  M(t + g~(t ) )  cos ( 27r t ’
~

(t +g~(t ) )  + , ( 24)

‘° Internationa l Telep hone and  Telegrap h Avionics Division ElecIro-Ph~ sics Lihoratories Letter seria l no.
RD-~t386 . by RN DeWitt . to Naval Electronic s Liboratoiv (‘enter (DR Sailors) , Suhieci : Revico of
Watt erson ‘s I I i i’  paper . 30 September 1 976
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wli~re g1( t (is a ranidoni funct ion having the desired charactc n i s t m c s . eg Gaussian . non stat mo mla r~
etc.  The f portion of G

~ 
is b ided into ti -me model alter taki m ig t h e  fas t  I ouirmer tr at isi orm

I I’  I)  of t I, The spectrum of the final wave f orm W’ (t I

r ’( v) d P  -FI:TIw’ ( t ( h  s ( :~”[(~~ (~~+g 1 ) j e  ,~~~~ i 
.

Note t hat if T is rcprcse t ited hv a polynomial ill f as in I 2 1 ) .  th en the expo t iet it ial m t i 2 S )
amid ( 3 )  is a phase sh i f t

~~~~ 
2~~l

’(a~ + h~f f 2 + c i f ’ ’3 + , , ,  )

I)ECOI)ING THE CH \R \CTER FROM TH E SPECTRUM

(‘orrelations can he calculated very rapidly iii t h e  lrequeiic~ domain. We are nearl~
t hrough at this point, s ince we already hia~ e ti -me FFT of W ’ B~ using preca lculated stored
spectra of the character set we have imiimediate ly I lie cot ’ relat ion I utict ion S~ ~rt the ~tii

~ hi.ir.ictcr

I I T I S ~~t l j  = I’ FTI(’Thl X FFT IWTh I . ( 2 ~~(

rue lunctiotl I t  I will pea k ahos c the threshold at a alue of t correspondttig to t h e  post—
t iOll of I hie ht. i r .i L t e r in t h e  origit ial wave.

SPECTRA OF ‘THE CHARACT ER SET

The spectrum of each character . FFTI(”( t ) I  . is calculated b~ using t u e  sa m e process
as that of W’ (t ).  That is , each of t u e  ti-modes included in the calculation of W ’ u ses the time
ulela~, s T. TI-me only difference betwee mi C’) t )  at - m d W’ ( t )  is ti - mat g1( t )  is set to zero for caic umlat-
ing (‘( t ) .  TI-mis is because ti- me mi- mean tim iie delay (nonrat idom part ) is accou mited for iti T.
Thus the FFT(C’) cati be precalculated when r~

( f )  is measured ,

SAMPLI NG CONSIDERATION

Assume ti - mat a si gmial with bam-mdwidt h. B. is processed iti a linear l’ilter , No sigt als
hi gher in frequency than t’c + B nor lower t hat ’t f’~ — B will be produced. If B = 100 ku ,.. the
sampling rate must be at least once every 5 seconds if ti-me Nyquist frequmency . t N’ is to
equal B. 10 24 samples will cover about S iris , which shoumld be emiough for forward am - md
inverse transforms to be calculated in real time. Ti-me resultitig frequency resolution is 200
liz.

1 6
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A LIASING

The carniei frequency cati be “shifted” to zero f ’re quetic~ provided that the Nyquist
frequtet icy saiuphing ititerval ) is related to ti- me carrier f’requ iency as follows :

41nI’N. where ni is an imiteger. (28 )

The transform will he shifteul imi frequenc y so that I” = f — f~.

~~~~~~~~~ ~
‘c - t ’ N

( 29 )

~
t N ‘~~ “c +

The requirement h-mere is that th -me iticoniing waveform is band-limited to plu s at-md min us B,

VERIFICAT ION OF THE CHANNEL MODEL

Preferably . both for theoretica l anal ys es and as the basis for simulator designs . a
desirable chant -mel ti-model would be one ti-mat is known to be a valid representation of t i- me 1ff
medium for ti-me largest practicable percentage of typical hf links. Some of the detailed
character istics of’ t h e  iotiosphere t eeded to specify such a model may not have been
m easure d.

lii 1 969 Watterson reported experimental verification of his ionospheric chiantiel
model. 2 ’3 A hiybrid time-atid-freq uemicy domain method was used to obtain propagatioti
measitrements. In t h e  transmitter , an accurate cesiuni-beam frequency statidard was used
to generate a carrier that was amplitude modulated to obtaiti coheren t pulses with near-
Gaumssian envelopes of 50 ps duration at a 200-Hz rate. The same reference was used to
generate ii cw signals (tones) of equal amplitude at frequencies that coincided with 11
spectra l components of ti-me pulses. Th e transmitter output (both the power spectrum amid
t he time fumiction ) is illustrated in figuire 6. The Ii tones were symmetrically spaced in a
9.6 kHz band about t u e carrier frequency. f0. T ue how level composite sigtial was a m p lified
linearly to 5 kW, In the receiver , each of ti - me ii tones (wit h delays at - md modulation imposed
by ti-me iotiospheric channel ) was separated and heterodyned to a second IF o~ 80 lIz. T ue
receive d signal was also passed through an 1 1 -not cli filter th iat removed the II tones , an-md
the resulting pulses were emivelope detected amid comiipared agaitist a 200 ii, reference to

obtain measurements of r~. The 80 hlz IF tones were FM recorded on au at ialog tape
recorder with ati 80 Hz referemice signal. During playback . the reference sigtlals were used
to detect eac h of ’ the II IF tones to obtaimi the real and imaginary compot ients of ’ the timile-
vary ing frequency responses of the measured channel , Hm(f k.t) . at the II values of ’

Propagation measurements were n-made over a 1 294 km link between Long Branch.
Illinois and Boulder , Colorado. Nighttime measuremetits were made at 5.86 M h z  and day-
tm mc measurements at 9,259 MHz , both f’ar emiough below ti - me predicted MUF t h at hotll otle-
and two- hop modes probably would be seen. About 7 hours of recorded mii ghtt ime measure-
t rm et lts and 10 hours of daytime measurenients were obtained during th ree periods it i \ovctii-
her 1967. Times were avoided near sunrise and sunsef , when propagafioti eonditiotis ‘vere

j
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changing rapidly. Samples were selected that appeared typica l and reasom iably stationary .
Three of these samples of 10 to 13 minute duration from day and night measurements were
analyzed to verify the model. The limiting bandwidths were 12 and 8 kHz on the two day-
t ime samples . 2.5 kHz on ti-me nighttime sample. Since the 11 tones were symmetrically
space d in a 9.6 kHz band abou t thie carrier frequency, it is difficult to interpret the effects

of ’ bandwidth bcyotid 9.6 kh’lz. Nor are three samples sufficient to state that they are a
va lid represemit ation of the hf miiediuni. The sunrise/sunse t data would have pro~’ided valua-
ble data oti dispersion if’ the dispersion alone had been analyzed. Since a sounder was not
ruti coincidentally with the experiment , it was not known how far the observation frequen-

cies were fron’i t u e  operational MUF.

CHANNEL M EASUREMENT S AND THEI R PR ACTICAL IMPL EMENTATIO N

Attention will now be turned to three basic classes of channel measurements which
require the use of special purpose equipment.

CLASS I CHANNEL MEASUREMENTS

A channel stimulus, x (t ) , is tramismitted repetitively over the 1ff channel from a base
station. Apart fro m noninterference with other spectrum users , ti -mere is no constraint on ti-me
for m of x (t ) :  it could be a relatively complex coded signal. Specialized processing equip-
mnetit at a remote station analyzes the received version , y(t).  of ’ the channel stimulus and
formulates an appropriate path model. In the modeling process , channel estimation data
from other sources can be incorporated legitimately if they are appropriate.

The best known implementation of Class I channel measurements is oblique incidence
ionospheric sounding, of which several forms are available. The simplest type is a pulse
soutider emnploying time and frequency synchronized transmission and reception. A high-
powe r souinding transmitte r radiates short pulses at given times on preset channels that are
spaced in frequency over the entire hf band or a part of it. The transmission schedule cati
be varied as required by a system “program” and is commonly controlled via a clock which
can be locked to an external time standard transmission such as WWV . At the remote station ,
the sounder receiver is synchronized withi the same or a similar time transmission. Preferably,
for greater time-delay resolution , both transmitting and receiving sites should be equipped
with atomic time or frequency standards . W h en the transmitted pulse x(t) is of short dura-
(ion, the sounder receiver essentially measures ti-me effective linear unit impuilse response func-
tion h(t) of t ”at channel. Ti-me received signal y (t )  is given by the convolution integral:

y(t ) = f  h(u)x(t - u)du . (30)

s~hicrc ii is a l i t t l e variah le. Ii’ x ( t )  is an approximate impulse , then y~~
) is obviously propor-

tiona l to ti- me impulse response of ti - me channel. The effect of rapid fluctuations in the mode
properties can be reduced if several pulses are transmitted on each frequency aiid the received
respot iscs averaged. Because sounding receivers use narrow pulses, their bamidwidthis are corn-
miion lv 30 to 100 ku ,: therefore , sottt l dimlg receivers tend to be more susceptible to intert ’er-
ence than normilal 1ff comnit itlications equipment.

~ 
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A most important variant of the basic pulse sounding syste m is one in which t u e
imidividual pulses on each frequency are modulated. This conl’ers three importati t
advantages:

I. It allows pulse compression coding to be applied in order to improve the time
resolutiomi properties of the system without having to shorten the basic puilse
length at-md hei -mce iticrease ti -me peak transmitter power.

2. A liniited amount of data , such as equipmeti t status , can be transmitt ed via t u e

pulse modulation coding.

3. It iniproves ~ortli’aiice in high interference environments.

Several forms of pulse compressiom i or pseudorandom codes have been used in practice .
These include Barker codes , Huffman sequences , and binary codes (length >13) having
approximate ly aperiodic autocorrelation functions. ln all the above cases , impulse responses
evaluation is accomplish-med by computing the input-output cross-correlation function (ccf ).

~xy (T) . us follows :

T/ 2

~xy (T) =“~~ f x (t ) y(t + r)dt (3H
T 11,

= 1 h(u)ø xx ( T _ U ) dU , ( 3 2 )

where r and u are time delay variables , T is the correlation interval , and øxx (T) is the input
autocorrelation function. It is seen from equation (3 2) that if the input aperiodic autocor-
relation function is impulsive ,then~ xy (r) will be proportional to the system impulse
response function.

Coil and Storey ~ describe an application of pulse compression signals to the field
of ionospheric sounding. They compare single pulses, bit-mary codes of length 1 7. and a
Huffman impulse-equivalent pulse train of length 17. The basic pulse length used was 2S j.ns.

The energy of the binary code relative to that of a single component pulse with the same
peak power was 17(12.3 dB) ; its peak-to-maximum-side-lobe ratio was 8.5 to 1(9 .3 dB).
The Huffman pulse train has only one component pulse with magnitude of I and hence has
less energy than the constant magnitude binary signal. The eiiergy of the Huffman signal
was 7.28 (8.6 dB) times that of a single pulse of the same peak amplitude; its peak-to-
maximum-side-lobe ratio was 10.8 (10.3 dB).

Another variation of the pulse sounder is a new modulation technique based on the
use of complementary sequences. 1 2 

~~
‘ one of ti-me pair of complementary sequences. say

I I  DC CoIl and JR Storey, Ionospheric Sounding Using Coded Pulse Signal, Radio Science Journal of Re-
search , v 68D, p 1 155— 1 1 59

2M Darnell , Channel Estimation Techniques , pape r presented at NATO AGARD Conference Proceedings :
Radio Systems and the Ionosphere , Athens. Greece , 26—30 May 1975
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x 1(t), is applied to this syste m , ii will give rise to an out put y 1 ( 1). Similarly the second
sequence x ,(t ) will yield au output y 7 ( t ) ’  Empioyimig (32 )  for each signal in turn:

øx 1y i ( T J h x 1x j
( T _ U

~~
U (33 )

a ti d

= f h(u) 
~~~~~~~ 

— u)du . (34)

Sumniing (33) and (34),

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (35 )

I quation (3 5) si-mows that the sum of the input-output cross-correlatiotis at equivalent
va lues of r is equal to ti -me convolution of the system impulse response and the SUfl l of the
two individual input autocorrelation functions. This assumes that the two sequences are
app lied to ti-me iitiear system in such a way that there are no cross-correlation terms between
ti-me two sequences.

In the particular case of ionospheric sounding, there are two ways in which the
sequences can be transmitted in order to fulfill this condition. The first, illustrated in
figure 7a , is to transmit both simultaneously, in time synchronism , as near to each other in
fre quency as possible without their spectra overlapping. The respective channel cross-
correlation responses could then be summed to give the desired output. A disadvantage of
this mode of transmission is that to achieve the required time resolution at t he correlation
oumtput . t h e  clock rate for the sequences has to be approximately 10 kHz and h ence the
bandwidth of each sequence would be relatively large. Thus, the frequency separation
(t A — t B~ 

necessary would be of the order of tens of kHz , which itilphies th at propagation
and interference conditions would diffe r considerably for the two sequences. hi the second
meti’iod. illustrated in f’igure 7b, ti - me complementary sequences can be transmitted on ti-me
same frequency. 1 AB’ sequential ly, with sumfficient time between them to allow for ti- me decay
of all multipath returns due to the first sequence before the second sequence occurs (typ i-
cally 10 ms). This again means that there is no cross-correlation between the two sequences.
In terms of processing this means that the received data corresponding to ti-me first sequence
must be stored at - md correlated in synchronism with the second sequence . 1 2

Many individual pulse sounders are in operation all over the world. The US Navy
operat es t h e  Navy lactica l Soumider System at three transmit sites. France operates an
identica l transmitter. These transmitters transmit two 13 bit Barker coded sequences 25 ins
apart on the same frequency during each sweep. Each of ti-me subpulses is of 200 ps dura-
tion. A 13 bit Barker coded pulse increases the received signal-to-noise ratio by 13 ( 11 .1
d B). Hansen and Bu tch 13 have shown t h at the Navy lactical Sounder receiver has a

t3 Navai Electronics ~~boratory Center TN 2399 , Modifications to the AN/~WR-2 Sounder Receive r . by
PM Elansen and JD Bu tch . 13 June 1973, Technical Notes are working documents and do not represent
au official policy statement of NOSC .
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Figure 7. Complementary sequence transmission
and processing. 1 2

peak-to-maximum-side-lobe ratio of 2 (3dB) without the use of’ an interference imihihmtor
circuit and 5 (7.0 dB) with ti-me use of the interferetice inhibitor. After they modified the
test set and realigned ti-me receiver, they obtained a peak-to-maximum-side-lobe ratio of 1 2

(10.8 dB). They designed a new pulse amp lifier for the receiver ; its peak-to-maximut ll-stde-
lobe ratio was 28 to 1 (14.4 dB).

The only advantage take n of tile two sequen ces in the NTS receiver is in averag ing.

If a new receiver design were to incorporate a minicomputer or microprocessor. it would he
possible to store the first arriving Barker coded pulse am -md correlate it in synchronism with
the second Barker coded pulse. Figure 7b illustrates such a process. This configuratioti
would provide additional processing against impulse noise.

-, ‘
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Figure 8 is a functional block diagram of ’ a reconiniended receiver subsystem. In
addition to st on imig the first tratismitt ed I)Ltlse , t u e  n-microprocessor could be program med
to \L’Iise what Is happemiimig itt the conu’iected receiver am -md coumld issue cotitrol signals in
respot ise to the scmtscd sit uation. h ence better accuracy in data collection at-md a l’ully doe-
utnente d record of at i experimei t t could be obtained. To insure adequate tim ne delay resolu-
tion , t h e  t ime— f requenc y stat - md ards should be atomic. T h e  terminal Is u sed to control the
1~rocesso r and i t ta ~ be combiuled wi t h  the optiom ial (‘RT display uinit. T ue go rio-go display
is a co t tv e nie t t t  means of shiowiiig ionospheric com ’iditions. ‘I’he mnagnetic tape cati be used
as a permanent record of the experimet lt . Since it can also he used in the rnait -mtenance of
t he cquiptlicnt , t h e mag tape unit should he both a read and wr itc~unit. The auxiliary device
represents of f limic equipment not under direct contro l of ’ t i-me processing umnit. This device
tiia~ be a cot nmii u n ic at ion system needitig informatioti from the souinding receiver , it n-may be
anoth icr cot ll ptt t er processor . or it m a y  he a related experiment. For an op erating w udeband
modem. the aumx iliary device might provide the necessary frequemicy dispersion information
tiecdcd by the ttlodem for its proper operation. The test signal emitted by the sounding
re Lelse r is used to calibrat e ti- me receiver. (That is , the f’requency synthesizer at -md timing of
t he f requency sweep itt t h e  receiver are utilized by t u e  amitenna interface unit to provide th e
calibration. I the processor controls both the sounding receiver and atitenna interface unit.

.\nother form of ionosp heric si, .~ndiiig. fundamemita ily different in principle froni
pum lse soutidtng. is ‘‘ c hirp ’ soun diuig. Again , a synchronized transmitter and receiver are
required: no~ , however ,  a low level f’requicuicy sweep is transmitted instead of pulses. This
sweep cati typicall y he linear or logarit him iiic in forni and can cover part or the whole of
the hI’ hatid. A rep lica of ti-me tratismitte d sweep ts generated at the receiver at-md is used
c ffc~ t t ’  el~ as the local oscillator iuiput. The signal received via t h e  ionospheric path is n-mixed

L’
ERFAC E R F INPUT
UNIT I—:::~~

_
~ 1 RECEIVER r—i

TEST RCVR
S I G N A L  R CV O UTPUTS

CONTROL

CONTROL
PROCESSOR GO/NO-GO

D I S P L A Y

I L IOPTtO NAL
TIME I ‘ ‘1 CAT
STO I L_...,1 DISPLAY

T E R M I N A L  iJ AUX I MAG
‘“ J DEVIC1 TAPE

1 ic’t ire h. Recom m ended ic eet ser  siihsystc ii i functional block dmagrani .
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with t h is receiver sweep, amid the resulting difference sigmial Is suih~ec t ed to spectru i m at tahy si s.

~1tilt iple paths gi~e rise to multip le received sweeps with va r ious amplitudes and relative
dcha~ s , Spectrum at ia lysis shows ump the diffe rence l’rcq u mcncme s between recc i~ ed sweeps
attd the local osc illator sweep , with l’requiettcy disp lacet ’neitt being proportional to the tit h e
delay for a linear sweep attd amplituides being correctly tra nslated im ’ito t he frequency
dontain. 14 A disadvantag e is ti - me cont ’uision of l)opp ler wit hi time Llela~

CLASS 2 CHA NN E L  M E A S U R E M E N T S

TI-me chatinel stiiiiumIus x t I is transt liitted over the cliatuiel . atirl crie r which is rc—
tiected hack from the chaminel in t h e t’orm of ’ a s igt ial ~ I t )  is received at the base at - md
used in t h e  ciiamiti eh estimatioti proces ses .

The processing tec hniquies emp loyed in practical (‘l ass II sy s t L ’tll s are . l’or the t itos t
part, very similar to those used imi Class I oblique souinders : again th ey essentially eva luiate
a linear inipulse respotise function for the ehati miel. However , ti - me l’uinuhamental distinct iom ’i
is that the impulse respotise is measured solely from the base station. Two comnioul forms
of simig le-site sounding exist: vertic ah incidence sounding amid backseatter soumiding.

A vertical incidence sounder emits a soumnding signal , able to take at - my of ’ t he forms
previously described for obliqute soumidi tig. which is directed vertically at the ionosphere.
The re flected retutrns are analyzed by a synchromiized souitiding rece iver . at - md a vertical incid-
ence ionogram is produced. Since tra mismitter amid receiver are now collocated. it is essetitial
that the receiver be desensitized during transmissiot i. The vertical incidence data can he
used direc tly in n-model t’ormulatioii for sh ort distatice skywave path - ms ’ : for long range paths.
gcot lietricai Lomputations can be applied to ti- me ioniogram data to predict obliqute incidetice
properties. Wrig ht bias built a prototype digital iouiosomidc th at uses ati associated mini-
coniputer ami d whic h has vcr~ high timue delay resoluition. 15

Backscat tc r souinding is similar to vertical incidence soumndiuig except t h at t h e  trat ’is-
nu tted energy is radiated obliquely iuistead of vertically. Ti-me received sigtial vI t ) is 110W

due to ti - mat etiergy which has propagated via the ionosphere over a path awa~ frouui ti - me
base and has been reflected froni ti- me grouind back to ti -me base h~ a similar tom iospheric
re flection iii the rever se setise. Clearly, attenuation imi suuchi a system is large amid muich
highler transmitter powers are required: also t h e  definition in the backscatter iotiogranl
is inferior to tha t iii oblique or vertical ineidemice ionograms . h owever . backseatter
soumnding does give a good indication of usable frequemicy rauiges for single-hop pat hs:
the multihop case tends to introduce excess ive path loss.

14GH Barry and RB Fenwick , Extraterrestrial and lotiospheric Soutuding with Synthesized Frequency
Sweeps , Hewlett-Packard J. h o. p 8— 12. 1965

I 5National Oceanic and Atmosp heric Admin istrat ion ERL SEI Prepnint 206 . Developnucnl ot S~ s1i’ifl~.

for Remote Sensing of Ionospheric Structure and Dynamics: Fumuctiona l (‘ haract e rus t ics amid A ppli-
cations of the “Dynasonde .” by JW Wrigh t , Jul y 1975
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CL.%SS 3 CHANNEL MEASUREMENTS

The chami tiel stimulus x ( t )  and the base data inpui t b(t ) are in ultuplexed pnor to
tratustluission over ti- me hf channel. At the renuote statiom ’t , the received sigmual y f t I m s  demu l-
tiplexed , processed, and uused to f’ormulate a model which then deterniitues thte signal
processing strategy to be applied to t h e  distorted data signal b’( t ) t o  provtde the estinuate
bIt ) .

In tiue pilot tomue technique , low level cw tones are either inserted in ti - me data stream
or tram usu nitted in potemitially available alternate channels. At the receiver, simple phase
measumreme nts on the tones enable ti -me relative states of the chanuiels to he speci l’ied in
terms of predicted data error rates.

TYPES OF SIMULATION EXPERIMENTS

There are several approaches in using a channel simuilator to measure the performance
capabilities of a modem. I On first cons ideration, the usual thought is to select a set of
typical ionospheric channels representing different frequem icies in ti- me hf band and different
transmitter-to-receiver link distances , time of day, latitude , etc . then to measure the modem
perf ’ormamice for each channel. Ti-mis “typical ch annel” approach will si-mow the modem’s
capability for the specific combinations of’ channel parameters that are selected , and t h e
results can be compared with correspomidirig m easurements on ti- me other modems. It is in-
eff ’icieuit . however , becauise the results usually cannot be used to determine ( 1) the contri-
bution of each of the types of cl - mat - mt - mel distortion to ti -me miiodem ’s degraded performance.
(2)  t h e  effects of modem-receiver distortions , (3) the maminer in which the various distortion -ms
combine , or (4 ) ti-me modem’s performance uiider channel comiditions for which measurenients
have not been made.

In order to utilize chat - mm -mel simulation to its finish, it is necessary to apply some
siguiil’icauice to the types ot’ sigmual distortions caused by the channel. For instance , if it is
found th at a modem tinder study has a bit error rate of l0 1 for a Doppler frequency shuift
of 10 Hz. it is necessary to know how am -md under what circumstances that type of Doppler
might occur.

A second approach ti -mat coutld overcome these inefficiencies would be to obtain a
comp lete set of ’ measurements. In the “complete set ” approach . a suitable number of
numerical values would be use d for each chantiel parameter, and measurements would be
made f’or ali combinatiomus of ’ parameter va lues. By examining selected data subsets in eac h
of which only one distort ion parameter c h anged value , the inefficiencies of ti-me typical-
channel approach could be overcome. Unfortunately, the complete-set approach is not
practical because of the forniidable number of parameter combinations.

A conipromise approach ti -mat is both efficient and practical might be called the
“single and multiple distortions” approach. A c h annel with only one type of distortion is
used t’irst , at-md a set of measurements of bit and block error probabilities are measured by
using suiccess ively larger values of flue distortion parameter. The set of error probability
values obtained imu this experiment then defines bit and block error probability curves as
t’unctions of ’ the single ch annel distortion. Similar experiments are performed for other
selected channel distortions. Ti-me experiments are then expanded to include two types of
channel distortion at a tim e . amid error probabilities are measured as functions of on-me
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distortiot parameter while t h e  other is held constant. Ti-me procedure is continued in sele cted
experiments with three t~ pes of chanite l distortioti preset -m t . wi -mere error probabilities are
always measumred against otie ~aricd ch annel distortion parameter while ti -me others are lucId
constant . Such performance cuirves are charaeter iied by from two to five intervals. With

decreasimi g abscissa distortiom i values , t i-me curves have an upper plateau interval. followed by
at least one descending iuiterval , followed in mi-most cases by a second plateau interval , and in 7

some cases by a seco mu d desccnditug interva l and a third plateau interval. lt each interval. one
type of’ chant -mel or modem-re ceiver distort iot usually predominates and ti - me ot h er distortion s
are re latively iiisignificant in deter m ining error probabilities. In a snuahl fraction ol t h e
in tervals, two types of’ distortion can he comparable and significant. Supplementary measuire-
un en t s  of ’ error probabilities versus rtris signal level to the m odem receiver can be made with
constati t chaiinel distortioti (s), to yield additional inform ation about modem-receiver
distortiom s. Wheii suitable combinations of types of channel distortion are chosen wit h
ap propriate parameter values .t he variouis curves are related, and the approach is both cf l’uc ient
at-md practical. It is ef ’ficiemi t because ti - me results can be used to determine ti- me extent to wh ich
each ty pe of ciuanm el distortion contributes to a modem ’s degraded performance . ti- me effects
of tu’iodem-receiver distortions , ti -me maim er in which ti- me various distortions combine. at-md a
modeun ’s perform ance under some chant -mel conditions for which measurements have not beetu
made. The approach is practical because a surprisingly effective set of measurements can be
tuiade in a reasonable time. It is ti- me method ti - mat was used in ti-me channel-simulator mr.~”~sure-
muuents on ti -me USCIO , ACQ-6. ami d MX- 190 tu’iodemus. l The specific types of experin iemits that
were performed are listed imi table 2.

TABLE 2. TYPES OF CHANNEL-SIMULATOR EXPERIMENTS. ’

Nonfading experiments
Signal level
Gaussian noise
Atmosp heric noise
Doppler

Fading experiments
Fading
Signal level and fading
Gaussian noise and fading
Atmosp heric noise and fading
Cw interference and fading
Doppler and fading
Multipath and fading
Fading and nuuhtipath
Signal level , multi path , and fading
Gaussian noise , multipath , and fading
Atmosp heric noise , multipath. and fading
Cw interference , mu l tipath . and fading
Doppler. Gaussian noise , and fading
Doppler . multipat h, and fading
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CONCLUSIONS

An hf chammnel sirn umlator provides access to ti-me values of parameters of an appropriate
real-time ionospheric channel mnodel which describes the path behavior adequately.

Wi -mile aim unproven channel mi-model can provide very useful information , it may not be
typical of ti -me hf medium. A desirable mathematically tractable channel model would be one
that is known to be a valid representation of the hf medium for the largest practicable
percemitage of typ ical hi’ links.

In general . there are two basic sources of signal distortion associated with hf paths:
tinue dispersion at -md f’requency dispersion. For narrow bandwidths , the ionospheric delay
variation is smuall relative to ti -me multipat h spread , and dispersion consequently can be ignored
in simuiut lating hf ciianmuels. For wide bandwidths , ti- me e ffect of m ultiple modes reduces to ti- me
production of ’ reverberation. ‘[em -mu poral variations of the ionosph ere no longer cause fading,
huit instead produce only small Doppler shifts (on the order of a fraction of a Hz) between
variouts cotlipom-ments of ti-me reverberation. For the wide bandwidths , ionospheric delay
variation can cause considerable phase distortion in which the ph ases of tb - me various frequiency
components of a signal are altered so ti - mat th ey are not co h erent ly combined by ti -me recc~ver
corre lator.

Ti-me best knowtm h f channel simulator, de’.eloped at ITS by Watterson. is presently
capable of accurate ly simulating all types of channel distortion except manmade noise , for
system bandwidths less ti-man 2.5 kIIz at night and less than 12 kHz during the day. It is a
four-tap delay line. Each tap delivers a delayed but effectively undistorted version of ti- me
transmitted signal to a path gain multiplier. Here the signal is modulated in amplitutde and
phase by an independent , stationary, complex , baseband function termed the path gain
function, G~( t) , to provide ti-me frequei cy-scatter distortion (both Doppler and fading) on ti - mat
pa tiu .

For ti-me analysis of the performance capabilities of modems suffering multip licative
channel distortions , it is use ful to have statistical descriptions of the channel frequency-
scatter and time-scatter ch aracteristics in addition to the channel-simulator parameters .
Watterson derived boti-m channel frequiency-scatter and time-scatter characteristic functions in
terms of tb - me path gain function G

~
(t) . The derived functions include channel time-varying

frequency response , iI(f . t) : channel correlation function , R(~~f, st): channel scatter
function , S(r , r’ : ch annel frequtency scatter function, V~ (~~)~ channel attenuation. ac : channel
frequency spread. 0c : channel time-scatter function, Uc (r) ;  channel delay, ~~ and cl -mann -mel
t ime spread . 

~c ’
A source of distortion of ionospherically propagated signals is the dispersion caused

by ionospheric re fraction. If the phase distortion imposed on a signal is represented by a
transfe r fuinction of the form exp(-i~ ( f)), ti -me group delay. r. becomes dØ/df. If r is not

constant , then dispersion. with its consequent distortion, occurs. The dispersion_timay be
regarded as significant if b/ 2 (half bandwidth ) is equal to or greater than i r/ v~~r / M . wi-mere
~ rf ~~t’ in s,Ili is ti - me slope on t u e  ionogram at f0, ti -me center frequency. For a 100 kHz
bandwidth . for instance , the dispersion will be significant ii’ ~ r/ ..X f is equal to or greater ti -man
3.14 X 10~ tiis~k11i, The dispersion nnay be represented by a filter on each tap. It can be
approx imated b~ a polynomial f’unction of frequency at a set of orthogonal fumictions. To
measure ti - me dispersion accurately enough to provide the coef ficients , the ability to resolve
time delay to 62.8 ps . assutning h = 100 kHz , will he imecessary. T ue time frequency scatter
lurid (ills nutist be recalculated for each realization of time delay.
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1mm 1 ~Io
1) W atterson reported an experimnental verif ic ation of i-mis chiaiu tm cl mi- model iii

w I-miehu a hy brid time-and t’reqimeiicy donuaitu m ethod was uised to obtain propagatmomi

nte,isureituents . TI -me signal transmitted was amplitude nmodulated to provide coherent puilses
w ith near-Gauissiumi etive lopes of 50 ps duration at 200 l Iz. Superimposed on thuis pulse were
Ii cw tomues of equal amp litude. ‘[lie II tones were symunmetrica lly s i-maced in a 9 ,6 kI Iz hand.

\~atte rson determit med that h- mis model was valid for bandwidtius less ti -man 12 khiz during ti - me

ila~ ti nue and 2.5 klhz during ti -me tmig httinue. The sunrise and sunset data would have provided

valuable data otu dispersiomi if ti - me dispersion alone b-mad been ammal yzed. Furth ermore , since I- mis
trans m it ted signal cotusisted of a 50 ps pu lse with II ew tones suiperitiuposed . his resoluition
t’or tu ne delay m easurements was 4.5 p5. This resolution is small em-moughi for ti - me necessary
dispersion correction filters to be determnined.

An alternate approach to hf channel simulation given i-mere is useful whenever ti - me
ionospheric dispersion is large emiough to cause ti - me Watterson ti-model to require an excessive
tuunmber of taps. T i- mis approach . which utses fast Fourier transfor m techmiques. provides a
transfer fuitiction for a single propagation ti-mode. TI-me effects of mnultiiu oding would have to
he hatmd led by a superposition of suchu tramisfe r functions.

RECO MME NDATIONS

In ti t e deve lopmetmt of ’ an hf channel m odel t’or t h e  simutlation or design of tnodemns.
include ti -me eff ’ects of both frequency at - m d ti m e dispersion.

To obtai im representati ve ch annel ttuodel data necessary to i m p le m ent channel sitnu ml atiom m .

use an oblique soumider system ti -mat ach ieves mmeeded resolution in tin -me delay by cmployit ig
comp lementary sequences or t imodui lated pulses.

If the Watterson hf cl - mat - mt - mel si m ulator is uised for frequency bandwidth -ms greater th’iam ’i
2.5 kHz at nigh-mt at - md 12 kIlt during t h e  day, represent ti -me frequency dispersiom i by a filter
omm eaciu tap.

It’ t i-me spread of arrival times of iomiosphericahly propagated signals would cauise aim
excessive number of taps to he required imm ti- me Watterson model , consider t h e  alter imate
approach of using fast Fourier tratisfort us.

Develop ti -me receiver suibsystet n described in this report to minimize impumise noise by
provi ditmg additional processing gain.

To il-measure the performan ce capabilities of a modem , use ti -me “sitmgle and multiple
distortiom - ms”’ approac h to cl - mann - mel simuiuhation described iii this report.

To deter m nim me t u e  time delay versus frequeimcy and range to be inserted in the time
delay equation for each m ode or propagating patiu , use the Jones ionospiueric ray tracing
programui .

Generate a report sulmiumarizim mg t Ie  channel realization informuiation referenced
h erein and its re lationship to ti -me various ionospiueric models in time Jones ray tracimu g program.
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