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ABSTRACT

The SIMulated Receiver And Recorder (SIMRAR) equipment of
this laboratory has been used to make statistical measurements of
detection of M orthogonal signals known except for phase and starting
time. The possible starting times of the signals are overlapping.
The results are compared to the theoretical detection performance
for nonoverlapping signals.
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STATISTICAL MEASUREMENTS OF DETECTION

OF M ORTHOGONAL SIGNALS KNOWN EXCEPT FOR PHASE

1. INTRODUCTION

Technical Report No. 13* discusses the optimum receiver for
detecting a signal which is one of M orthogonal signals, known except
for carrier phase. If the signals are pulses with the possible starting
times restricted to being one pulse width apart, this development

applies. Here

observation time (1)
pulse time duration °

Figure 1 depicts the elements of the optimum receiver.
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Fig. 1. Optimum receiver for detection of M orthogonal
signals known except for phase.

Under the approximation that the distribution of the logarithm
of the likelihood ratio is normal, the derivation of TR-13 leads to a

detection index,

d = In [1 -%+%Io(ﬁ2§-)] (e)

*W. W. Peterson and T. G. Birdsall, "The Theory of Signal Detectability,"
Cooley Electronics Laboratory Technical Report No. 13, The University
of Michigan Research Institute, June 1950, Part II, pp. 49-53. Also
W. W. Peterson, T. G. Birdsall, W. C. Fox, "The Theory of Signal Detecta-
bility," Trans. IRE, PGIT, Sept. 1954, pp. 207-209.




The objective of this study was to use the SIMRAR equipment
to determine what corrections must be applied to Eq. 2 when the possible
signals are overlapping, and hence the integration is continuous and not

discrete.l

2. SIMULATION PROCEDURE

The pulse signal was simulated by electronically gating an
audio oscillator. The ideal matched filter would hence require a square
envelope impulse response. The SIMRAR IF filter has an impulse response
with an exponentially decaying envelope shape. One problem in the simu-
lation was to choose the signal so that the SIMRAR IF filter would approxi-
mate the performance of an ideal IF filter.

The ideal filter is the one which maximizes the peak output
signal-to-noise power ratio for a fixed signal energy. The duration of
the pulse signal was therefore chosen so that the SIMRAR IF filter peak
output power was maximized for a fixed pulse energy. Figure 2 is an ex-
perimentally measured curve. Since the input signal amplitude was held
constant the signal energy is proportional to its duration. Dividing
thé output power by the signal duration gives the power for a fixed input
energy. The curve shows that the pulse duration should be 14 milliseconds.
This is very close to the impulse response time constant of a simple tuned
filter having the nominal bandwidth of the SIMRAR filter.

Figure 3 is a block diagram illustrating a technique for simu-
lation of this problem using SIMRAR. The post-detection gain, p, is
the ratio of peak signal voltage to rms noise at the filter output. For

the ideal filter this is JEE/NO.
T

D. W. Fife, "SIMRAR: Simulated Receiver and Recorder," Cooley Electronics
Laboratory Technical Report No. 118, The University of Michigan Research
Institute, January 1961. 5
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Fig. 2. Pulse matching of SIMRAR 1 kc IF filter.
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Fig. 3. Simulation of optimum receiver using SIMRAR.

The nature of the Io function allowed a simplification in the
simulation. Io(x) rises sharply as x becomes fairly large, to such an
extent that Io(x) for x only slightly smaller than the extreme value of

the range is insignificant in comparison. Figure 4 illustrates this be-
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Fig. k4. Io(x) function.

T

y = [ Io(x) dt & max

o

appeared reasonable,

havior. The 2E/NO values and noise
power used were sufficiently large
that the instrumentation of Io(x)
for the range of x shown in Fig. 4
was required. But, because of the
large slope required at the extreme
of the range, this was very diffi-
cult to do accurately. However,
because the IO function strongly
emphasizes the peak value of x,

the approximation

I(x) - ot = I, (max [x]) - at (3)

Now, since Io(x) is a monotonic function of x, and At can be

looked upon as simply a gain, the decision may just as well be based upon

max [x] with this approximation.

This corresponds to making the detection

decision continuously during the observation interval. Figure 5 is the

block diagram of the simulation which was used. The 40 cps bandwidth

video filter was included primarily because it was conveniently scaled

for the proper amplitude of the 2 kc perturbation signal required for

recording in SIMRAR.

The time constant of this filter is less than the

duration of the pulse signal, and therefore inclusion of this filter does

not yield a significant integration effect.

It should be emphasized that the approximation which allows

removal of the Io function and integrator will result in poorer detection

performance,

The results of this study will indicate the extent of the



degradation. The approximation should be better for large 2E/NO, since

the effect of neglecting integration of secondary peaks of Io(x) becomes

negligible,
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Fig. 5. Actual simulation of receiver.

5. INTERPRETATION OF RESULTS

The receiver operating curves were found for various signal-to-
noise power ratios, (S/N)IF’ at the filter output (before the detector).
The d' value for equal conditional errors was taken from the ROC, and
squared to give d. For comparison with the results of TR-13 it was
necessary to translate the (S/N)IF power ratio into an equivalent 2E/NO.
The noise bandwidth of the SIMRAR IF filter was required. Experimental
determination of the frequency response and graphical integration gave

a value of 36.6 cps. (The total 3 db bandwidth of the filter is 22 cps.)



Then

T- 2y My
where: Ty = pulse duration
WN =

S

1.024 (%)IF ,

.01k sec, and

IF filter noise bandwidth (cps) .

Figures 6 and T give the experimental results for three values

of 2E/No. The theoretical curve of 4 from Eq. 2 is also shown for the

same values of 2E/NO. The detection performance of the receiver is not
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Fig. 6. Measured detection
for overlapping signals and
theoretical performance for
nonoverlapping signals.

100

degraded primarily by the mismatch
of the IF filter. The difference

in performance shown by Figs. 6 and

[ arises, for the most part, from

the additional uncertainty in the
signal position and the approximation
to the optimum receiver which was
made. Figure 8 compares the ex-
perimental results for overlapping
signals with half as much signal
energy. These curves compare
reasonably well. Hence, the con-
clusion may be drawn that the
additional uncertainty introduced

by overlapping signals and the de-

gradation due to the approximation,

results in roughly the same performance as achieved with nonoverlapping

signals 3 db lower in energy.
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Fig. 7. Measured detection

performance for overlepping

gignals and theoretical per-

formance for nonoverlapping
signals.

—Ff
- ° OVERLAPPING SIGNAL
————— NON- OVERLAPPING SIGNAL
g | || | I
4 6 8 10 20 30 40 50

M - NUMBER OF NON-OVERLAPPING SIGNALS

100

100

10.0

0.l

~—
—_——

——0-— OVERLAPPING SIGNALS
= === NON -OVERLAPPING SIGNALS (TR-13)

T ——
——
—
——
—_—

5 10 20 50 100
M- NUMBER OF NONOVERLAPPING SIGNALS

Fig. 8. Measured detection
performance for overlapping
signals and theoretical per-
formance for nonoverlapping
signals 3db lower in energy.



Copy No.

1-2

9-18

19

20

21-22

23

2k

25

26

27

DISTRIBUTION LIST

Commanding Officer, U.S. Army Signal Re-
search and Development Leboratory, Fort
Monmouth, New Jersey, Attn: Senior Scien-
tist, Countermeasures Division

Commending General, U.S. Army Electronic
Proving Ground, Fort Huachuca, Arizons,
Attn: Director, Electronic Warfare De-
partment

Chief, Research and Development Division,
Office of the Chief Signal Officer, De-
partment of the Army, Washington 25, D.C.,
Attn: SIGEB

Commanding Officer, Signal Corps Elec-
tronics Research Unit, 9560th USASRU,
P.0. Box 205, Mountain View, California

U.S. Atamic Energy Commission, 1901 Con-
stitution Avenue, N.W., Washington 25,
D.C., Attn: Chief Librarian

Director, Central Intelligence Agency,
2430 E Street, N.W., Washington 25, D.C.,
Attn: OCD

Signal Corps Liaison Officer, Lincoln
Laboratory, Box 73, Lexington T3, Mass.,
Attn: Col. Clinton W. James

Commander, Armed Services Technical In-
formation Agency, Arlington Hall Station,
Arlington 12, Virginia

Commender, Air Research and Development
Command, Andrews Air Force Base, Washing-
ton 25, D.C., Attn: RDTC

Directorate of Research and Development,
USAF, Washington 25, D.C., Attn: Chief,
Electronic Division

Commander, Wright Air Development Center ,
Wright Patterson Air Force Base, Ohio,
Attn: WCOSI-3

Commander, Wright Air Development Center,
Wright Patterson Air Force Base, Ohio,
Attn: WCLGL-7

Commander, Air Force Cambridge Research
Center, L. G. Hanscom Field, Bedford,
Massachusetts, Attn: CROTLR-2

Commander, Rome Air Development Center,
Griffiss Air Force Base, New York, Attn:
RCSSLD

Commander, Air Proving Ground Center,
Attn: Adj/Technical Report Branch Eglin
Air Force Base, Florida

Commander, Special Weapons Center, Kirt-
land Air Force Base, Albuquerque, New
Mexico

Copy No.
28

29

30
31
32

33

34

35
36

37

38

39

L1-ko

b3
Ly

b5

b7

Chief, Bureau of Naval Weapons, Code RRR-E,
Department of the Navy, Washington 25, D.C.

Chief of Naval Operations, EW Systems
Branch, OP-35, Department of the Navy,
Washington 25, D. C.

Chief, Bureau of Ships, Code 691C, Depart-
ment of the Navy, Washington 25, D.C.

Chief, Bureau of Ships, Code 684, Depart-
ment of the Navy, Washington 25, D.C.

Chief, Bureau of Naval Weapons, Code RAAV-33,
Department of the Navy, Washington 25, D.C.

Commander, Naval Ordnance Test Station,
Inyokern, China Lake, California, Attn:
Test Director-Code 30

Director, Naval Research Laboratory,
Countermeasures Branch, Code 5430, Washing
ton 25, D.C.

Director, Naval Research Laboratory,
Washington 25, D.C.; Attn: Code 2021

Director, Air University Library, Maxwell
Air Force Base, Alabama, Attn: CR-4987

Commending Officer-Director, U.S. Naval
Electronic Laboratory, San Diego 52,
California

Office of the Chief of Ordnance, Depart-
ment of the Army, Washington 25, D.C.,
Attn: ORDTU

Chief, West Coast Office, U.S. Army Signal
Research and Development Laboratory, Bldg.
6, 75 S. Grand Avenue, Pasadena 2, Calif.

Commanding Officer, U.S. Naval Ordnance
Laboratory, Silver Springs 19, Maryland

Chief, U.S. Army Security Agency, Arling-
ton Hall Station, Arlington 12, Virginia,
Attn: IADEV

President, U.S. Army Defense Board, Head-
quarters, Fort Bliss, Texas

President, U.S. Army Airborne and Elec-
tronics Board, Fort Bragg, North Carolina

U.S. Army Antiaircraft Artillery and
Guided Missile School, Fort Bliss, Texas

Commander, USAF Security Service, San
Antonio, Texas, Attn: CLR

Chief, Naval Research, Department of the
Navy, Washington, 25, D.C., Attn: Code 931



Copy No.

48

b9

50

51

52

53

5k

55

56

57

58

59-60

Commanding Officer, U.S. Army Security
Agency, Operations Center, Fort Huachuca,
Arizona

President, U.S. Army Security Agency Board,
Arlington Hall Station, Arlington 12, Vir-
ginia

Operations Research Office, John Hopkins
University, 6935 Arlington Road, Bethesda
14, Maryland, Attn: U.S. Army Liaison
Officer

The Jopkins University, Raediation Leb-
oratory, 1315 St. Paul Street, Baltimore 2,
Marylend Attn: Librarian

Stanford Electronics Laboratories, Stenford
University, Stanford, California, Attn:
Applied Electronics Laboratory Document
Library

HRB-Singer, Inc., Science Park, State
College, Pennsylvania, Attn: R. A. Evans,
Manager, Technical Information Center

ITT Leboratories, 500 Washington Avenue,
Nutley 10, New Jersey, Attn: Mr. L. A.
DeRosa, Div. R-15 Lab.

The Rand Corporation, 1700 Main Street,
Santa Monica, California, Attn: Dr. J. L.
Hult .

Stanford Electronics Laboratories, Stanford
University, Stanford, California, Attn:
Dr. R. C. Cuming

Willow Run Laboratories, The University
of Michigan, P.0. Box 2008, Ann Arbor,
Michigan, Attn: Dr. Boyd

Stanford Research Institute, Menlo Park,
California, Attn: Dr. Cohn

Commanding Officer, U.S. Army Signal
Missile Support Agency, White Sands
Missile Range, New Mexico, Attn: SIGWS-EW
and SIGWS-FC

Copy No.

61

62

63

64-73

Th

5

76-79

100

Commanding Officer, U.S. Naval Air Develop-
ment Center, Johnsville, Pennsylvania,
Attn: Naval Air Development Center Library

Commanding Officer, U.S. Army Signal Re-
search and Development Laboratory, Fort
Monmouth, New Jersey, Attn: U.S. Marine
Corps Liaison Office, Code AO-LC

President, U.S. Army Signal Board, Fort
Mornmouth, New Jersey

Commanding Officer, U.S. Army Signal Re-
search and Development Laboratory, Fort
Monmouth, New Jersey
Attn: 1 copy - Director of Research
1 copy - Technical Documents Center
ADT/E
1 copy - Chief, Countermeasures
Systems Branch, Counter-
measures Division
1 copy - Chief, Detection and Loca-
tion Branch, Countermeasures
Division
1 copy - Chief, Jamming and Deception
Branch, Countermeasures
Division
1 copy - File Unit No, 2, Mail and
Records, Countermeasures
Division
1 copy - Chief, Interference reduc-
tion Branch, Electro-
magnetic Enviroment Division
3 copies - Chief, Security Division
(for retransmittal to BJSM)

Director, National Security Agency, Fort
George G. Meade, Maryland, Attn: TEC

Dr. H. W. Farris, Director, Cooley Elec-
tronics Leboratory, University of Michigan
Research Institute, Ann Arbor, Michigan

Cooley Electronics Leboratory Project File,
University of Michigan Research Institute,
Ann Arbor, Michigan

Project File, University of Michigen Re-
search Institute, Ann Arbor, Michigan

Above distribution is effected by Countermeasures Division,
Surveillance Department, USASRDL, Evans Area, Belmar, New Jersey.
For further information contact Mr. I. O. Myers, Senior Scientist,
Telephone FRospect 5-3000, Ext. 61252.



Qe

2826 3633



