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[57] ABSTRACT

A multichannel coherent receiver emploving multiple
delay lines in series or a tapped delay line into which a
received signal band 1s introduced. The signal band at
each tap or increment of delay 1s mixed with individual
related frequencies and the product from the mixers
summed and further mixed with the output of a swept
oscillator. The composite delaved signal band 1s intro-
duced into a bank of dispersive filters followed by
means for deriving in-phase and gquadrature compo-
nents. Signals contatned within the signal band may
then be detected resulting in coherent channelization.
improved frequency resolution and full time coverage
samphing.

29 Claims, 17 Drawing Figures
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MULTICHANNEL COHERENT RECEIVER

VMatter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made

by reissue,
BACKGROUND OF THE INVENTION

There has long been a need for ntw receivers de-
signed to monitor a selected frequency band, simulta-
neously perform spectral analysis of muluple signals
appearing at unpredictable frequencies 1n the band and
simultaneously coherently extract the multiple signals.
A receiver which performs the first function, spectral
analysits, 1S the compressive or microscan receiver. Such
receivers are best described in the publications:

. H. M. Gerard, O. W. Otto, “Chirp Transform
Opens New Processing Possibilities”, Microwave Sys-
tem News, pp. 85-92, October, 1977.

2. J. B. Harrington, R. B. Nelson, "Compressive In-
tercept Receiver Uses SAW Devices,” Microwave
Journal., pp. 57-62, 1974.

Suffice it to say. conventional compressive receivers
form the analog Fourier transform of their input. with
both amplitude and phase preserved prior to envelope
detection. This transform 1s produced once per scan
period (Ts) with a frequency resolution approximately
1/T Hz. where T is the length of time a pure tone at the
receiver input is visible to the compression filter. For
conventional receivers Ts>T.

Typically, the fraction of sweep time (Ts) that a sig-
nal is visible to its compression filter termed probability
of intercept (POI) or duty cycle for a conventional
compression receiver 15 0.5 or 50%. Only in hmiting
cases where the input bandwidth approaches O Hz or
the scan rate R becomes infinite does the POI approach
| or 1009%. The end result has been that conventional

receivers necessarily have scan rates which are too slow

relative to the Nyquist criteria and channelization of
signals ts therefore prohibited.

A somewhat different approach has been taken by
certain researchers employing conventional compres-
sion receivers in which the compression filter band-
width and dispersion are twice that of the swept oscilla-
LOr.

Such a configuration approaches minimum Nyquist
sampling since T=T;. However, each output pulse 1s
located at a different intermediate frequency, corre-
sponding to its initial location within the input band-
width. Thus, side-lobe supression in this system cannot
be achieved by a passive IF filter, and the noise band-
width 1s twice that required for the same resolunon in
the previous configuration. Additionally, simultaneous
channelization of signals of interest (SOI) is not possible
due to the random IF's.

As a final comment on the prior art, we note that it 18
not unusual to find a signal of interest in close frequency
proximity 1o an unwanted strong emmiter. Under these
conditions, it is very likely that energy from this strong
signal will be significant within the channelization filter
centered on the signal of interest. Thus, in practical
situations, it is important to have the receiver sampling
rate significantly above Nyquist (say twice) to avoid
folding the strong emmiter directly onto the signals of
interest. In systems of this type, replicating the receiver
to provide parallel, time-sequential channels 1s required.
This is a costly approach in terms of both hardware and
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the degree to which the multiple receirvers must be

maiched.

BRIEF DESCRIPTION OF THE INVENTION

! have developed a new receiver which:

(1} Provides instantaneous coherent extraction of
signals of interest (SOI) located at arbitrary fre-
quencies within a selected intercept band at or
above the Nyquist rate;

(2) Provides one hundred percent or greater {window
overlap) time coverage of the intercept spectrum:

(3) Provides a factor of

AR — F)
b — f-k

times improvement In:

(a) Increased intercept bandwidth for the same
resolution and dispersive filter time-bandwidth
product;

(b) Increased freguency resolution for the same
intercept bandwidth and dispersive filter time-
bandwidth product:

(c) Reduced dispersive filter time-bandwidth prod-
uct for the same resolution and intercept band-
width. A typical conventional microscan re-
ceiver has K=1. and F,=0.5. Thus. the im-
provement factor is 28 with myv invention config-
ured with K =4.

(4) Accomplishes simultaneously both spectral analy-
sis and channelization with the same receiver for
reduced equipment requirements:

(5) Instantaneously and automatically synthesizes
band bass filters at arbitrary frequencies permitting
extraction of SOI, and detection of short burst and
frequency agile signals. |

Briefly., my invention involves the combination of
means for properlyv-delaying and frequency-multiplex-
ing time segments of the intercept bandwidth coupled
to a mixer in which the entire frequency multiplexed
signal 1s swept 1n frequency by a swept local oscillator.
These frequency swept bands are introduced into a
bank of frequency-dependent delay lines whereby a
plurality (K) of the chirped time segments are simulta-
neously filtered. These signals are then coherently
summed 1n an adder and thereafter introduced 1nto an
In-phase and quadrature mixer/sampler combination.
The sampler 1s activated once per sweep of the local
oscillator for each desired signal of interest.

In accordance with the method of this invention
incoming signals are delayed and frequency multiplexed
in to a plurality of frequency bands, chirped or fre-
quency swept, delayed in each band as a function of
frequency, next coherently summed and then sampled
to provide coherent channelization and improved fre-
quency resolution.

BRIEF DESCRIPTION OF THE DRAWINGS

This invention may be more clearly understood from
the following detailed description and by reference 1o
the drawings in which:

FIG. 11s a block diagram of prior art recernvers:

FIGS. 2 and 3 are graphical representations of the
operating characteristics of prior art receivers:.

FIG. 4 i1s a block diagram of this invention;

FIGS. 5 and 6 are graphical representations of the
operating characteristics of this invention;
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FIG. 7 is a block diagram of one embodiment of
multiplexed compression filters empioyed 1n this inven-
tion;

FIGS. 8-11 are additional graphical representations
of the operating characteristics of this invention;

FIG. 12 is a timing diagram of the embodiment of
FIG. 4

FIG. 13 is a block diagram of the timing signal source
of FIG. 4:

FIG. 14 is a block diagram of an alternate embodi-
ment of this invention; and

FIGS. 15-17 are graphical representations of the
performance of this invention as compared with prior
art receivers.

DETAILED DESCRIPTION OF THE
INVENTION

As prelude to an understanding of this inventicn, a
description and analysis of the operation of a conven-
tional compressive receiver is believed desirable.

FI1G. 1 shows a conventional compressive receiver in
simplified block diagram form. It comprises basically a
signal source represented by an antenna 10 coupled to a
broadband amplifier 11 covering the frequency spec-
trum of interest. The amplified signal or signals from the
amplifier 11 is mixed in mixer 12 with the output of a
swept or chirped local oscillator 13. The converted
output of the mixer 12 is introduced into a dispersive
delay line or filter 14 which serves to delay in time each
signal appearing at the input an amount varying with
the input center frequency. Next, the delayed composite
signals are envelope detected in detector 15. The graph-
ical representation of this operation appears in FI1G. 2.

Analytically, receivers of the type shown in FIG. 1,
commonly called pulse compression or microscan re-
ceivers, perform a Fourier transformation of the input
signal. Using complex notation to simplify the analysis,
we express the output of the mixer 12 as

W)= @ttt - TRV -1 (1

where s(t) is the signal under analysis, wo 1s the disper-
sive delay line 14 center frequency, and R 1s the swept
oscillator 13 scan rate in Hz/sec. The dispersive delay
line 14 is matched to the chirped signal in that its im-
pulse response 18

A(1) = @twoi ~ 7 Red) (2)

Thus, the filter 14 output Is

T/2
W1 le_;{mui — ?TRI':IG;{M:HT Y- mRIT - Fllidtl

- T .l"lr 2

RE
y(T) =

Using the window function w(t) the square term, equa-
tion (3) becomes

% ()

y(r) = efwor > TR w(t)s(t)e ~/2TRTGL

where w(t)==0 for [t]«<T/2 and w(t)=0 where
't >T/2.

The integral in equation (4) is the Fourier transform
of w(t)s(t) with R as the frequency vanable. For large
time-bandwidth products (TW > 100) the residual FM

(or chirp) term may sometimes be tgnored as discussed
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below in the description of my Multichanpel Coherent
Receiver.

The resoiution of the above transtorm i1s determined
by the duration of the window function wi(t). This s
because the transformn of w{t)s(t} i1s the convolutuon ot
the individual transforms. and

T/1
wit)yexp i —1IrRriidt =
— T2

S ETR T
R

has an approximate bandwidth of 1/T Hz.
Converting equation (4) 1o magnitude and phase no-
tation gives

o A AN

exp {ja,m +~ jTRE) witis{t) exp { — )27 Rridt =

- X

A(2mR7) exp (jb(27R™Y « jw.r — 7R

The output of the envelope detector 15 in FIG. 1.1s then
A(2m7R7), the magnitude of the desired Fourier trans-
form.

The above process is repeated for each sweep of the
local oscillator 13 and the result 1s a transform every T,

seconds.

POI Considerations

An expanded frequency versus time plot tor the con-
ventional compressive receiver shown in FIG. 1 1s pres-
ented in FIG. 3. The input bandwidth 1s indicated by B.
and the dispersive matched filter 14 bandwidth by B;g
The grey area in each sweep is the region in time and
frequency during which the chirped input 1s visible 10
the matched filter 14.

Although the IF bandwidth at the output of mixer 12
may in general be greater than or less than that indi-
cated in FIG. 3. the IF as shown results in the maximum
resolution for a given scan time {consistent with uni-
form resolution across the input band and maximum
receiver sensitivity) possible for conventional receivers.

As indicated by the NO INTERCEPT region at the
bottom of FIG. 3. signals occupving the lower frequen-
cies in the input bandwidth fall out of the IF window
after T seconds. Stmilar regions exist for all signais
within the input band, as may be seen from FIG. 3.

[gnoring signal to noise ratio considerations. POI 1s
usually defined as the fraction of sweep time, T, that a
signal is visible to the compressive filter 14. Thus,

POI=T/T. F

Typically, T=(3)T,; and POI=0.5. Only in the limit. as
the input bandwidth approaches O Hz, or the scan rate
R becomes infinite, does the conventional compressive
receiver as defined above achieve 100 percent POIL.

The POI problem 1s also directly related to the reso-
lution-revisit time difficulty. In order to sweep the en-
tire input bandwidth through the IF window. the re-
cetver must ensure T,< T+ B/R. This conflicts with a
revisit time T,<T commensurate with the resolution
{or channelization filter bandwidth) 1/Tgx; The time
B/R sec. is the minimum required overhead. Thus. the
conventional receiver is too slow relative to the Nyquist
rate by B/R seconds.



Re. 31,943

S

MY MULTICHANNEL COHERENT RECEIVER

The problems of sampling rate and POl of the con-
ventional receivers are solved employing my receiver
design which 1s capable of both channelization and
improved frequency resolution. My basic circuit design
appears in FIG. 4. It employs a signal source repre-
sented as antenna 20 which feeds a first band pass filter
21 either directly or through an RF amplifier, unshown,
and a gain control circuit 22 to a mixer 23 where mixer
23 combines the incoming broad band signal from an-
tenna 20 with a local oscilliator frequency F| from an
oscillator or frequency synthesizer 24, which may be
free running or synchronized by a master clock 25
which is a part of a timing and control circuit generally
designated 26. This possible synchronization input is
indicated by a dash-dot line.

The output of the mixer 23 is an intermediate fre-
quency band containing a replica of the input band from
band pass filter 21 1L.F. converted. After filtering in
second band pass filter to eliminate all but the IF band,
the converted stgnal is introduced into a series of delay
lines or a single tapped delay line 31 having K —1 sec-
tions D ... Dx - 1. each of T seconds delay and K — 1
taps designated as 32, 33 . . . K —1, where K equals the
number of multiplexed time windows desired. The fre-
quency multiplexed delay circuit 31 also includes a
number of oscillators 37.38 . . . Ox _ separated 1n fre-
quency by (RT)Hz  generating  frequencies
F=Fr—~(K-~1RT . . . (K—DRT along w:th their
associated mixers 34, 35 . . . Mg _to up convert the
respective delayed IF signals by RT Hz as RT is later
defined.

The frequencies F=Fzg+(K—1)RT ... F=Fg+RT
generated by local oscillators 37,38 . . . Ox | may each

be generated simply by mixing the output frequency of

additional local oscillators (K —1RT ... RT with the
reference frequency Fg.

The up converted delayed signals are each summed
with the succeeding signal 1n respective summers 40 and
41 while the output of the delay stage Dy 1 without up
conversion is summed with the output of summer 41 in
summer 42. The output of summer 42 1s 1n turn mixed in
mixer 43 with the output of a variable frequency or
swept local oscillator 44. The nature of the signal output
of mixer 43 is best described below in the section, Multi-
plexed Time Delay Subsystem.

Suffice it to say, the frequency multiplexed and de-
layed signal i1s introduced into a matched multiplexed
compression filter 45 having a characteristic as shown
in FIG. 6 and having one embodiment illustrated in
FIG. 7. This matched compression filter produces at its
output. as described below, the Fourier transform of the
receiver input signal band having a true time window of
KT second duration. This output on lead 46 1s into a
conventional in phase and quadrature sampler including
mixers 50 and 51, local oscillator 52 and 80 phase shifter
53. The output of the pin phase and quadrature mixers 1s
detected in a pair of square law detectors 54 and 83, the
former associated with the in-phase or I component and
the latter with the quadrature or Q component. The
detected [ and Q components may then be combined in
adder 56 whereupon the the amplitude spectrum of the
signal bank i1s produced on output lead 60 of adder 56.
The stgnal may then be digitized if desired in A/D
converter 61, integrated by the shift register 62 and
summer 67 and produces an output on lead 63 via a
multiplexer 64 under the control of a readout control
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switch 65. The reconstructed analog signal may also be
extracted prior to digital conversion via lead 66.

Alternate utilization of the I and Q components s
accomplished while retaining the phase information by
converting the output of I mixer S0 10 digital form in
A /D converter 70 and stmuitaneously converting the Q
output of mixer 51 to similar form in A/D converter 71.
The digitized I and Q components of any of the signals
of interest within the signal band may then be intro-
duced into respective channels of multiplexer 64 under
the control of emitter selector switches 72 and 73 re-
spectively, operated by the timing control circuit 26

Emitter selector 72 s merely a frequency seiector
used when the input signal of antenna 20 contains a
number of signals originating at different frequencies.
Emitter-selectors 72,73 extract I and Q samples at imes
within each sweep corresponding to the center fre-
quency at each desired emitter.

In FIG. 4, the A/D converter 70,71 1s shown operat-
ing at clock rate and the emitter selectors 72, 73 oper-
ated variable rate depending upon the control input
from the Timing & Control Circuit 26 at any rate up to
the clock rate. In general a few particular emitters wiil
be the object of interest and the rate of pulses to emitter
selectors 72 and 73 will correspond 1in number and In
time location for each sweep related to the frequency of
the emitters of interest.

An alternate approach 1s to just operate or trigger the
A/D converters 70 and 71 at times corresponding to the
wanted emitter locations. In such case the A/D con-
verters 70 and 71 and emitter selectors 72 and 73 may be
operated by a common control input.

Employing this invention a plurality of signals are
frequency multiplexed and accumulated i1n a time delay
subsystem presenting a signal time window T as shown
in FIG. 5. This figure illustrates that K segments of the
input signal may be multiplexed so that KT seconds of
signal may be accumulated in one T second period.
Search for signals of interest in the band and channeliza-
tion of signals for analysis, reproduction or retransmis-
sion may easily be accomplished by the single receiver
in accordance with this invention while metting the
Nyquist sampling criteria.

THE MULTIPLEXED TIME DELAY
SUBSYSTEM

Central to the unaliased channelization of signals
located within the receiver bandwidth 1s the relation-
ship between scan time T, (sampling period) and filter
bandwidth Af (resolution). Specifically, T, <(1/Af) for
Nvyquist or better sampling.

My Multichannel Coherent recetver creates an effec-
tive receiver time window for which T;<(1/Af)
through frequency multiplexed time delay circuit 31 as
shown in FIG. 4. The input signal 1s routed to the delay
line 31 and to a mixer for up-conversion by RT Hz
(R=chirp oscillator scan rate in Hz/sec, T =(1/kAf).
The delay line has (k — 1) taps, the signal out of each tap
delayed by T sec relative to the previous tap.

The total signal input to the chirp oscillator mixer 43
is the sum of the (k — 1)T sec delayed input, the (k—2)T
sec delayed input translated input translated by RT Hz,
and (k—3)T sec delayed input translated by 2RT Hz,
and so on. This may be written as
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sdtt=s{t -k = DTV sin (et —s(t—{(k =D sin {wsr+ 2R TH
-, st sin{wgpr—-tk=1RTH

1_-,{ ik —n) Ty sin(wpp~in—1I2aRTI

|| EA>

n

where s(t) 1s the input signal. If we observe the output
for a period of T sec (after waiting at least (k—1) T sec
for initiation) we see the situation shown in FIG. 10 (for
k=2).

The output signal is a frequency multiplexed signal
with the umique property that any T sec segment con-
tains kT sec of the input signal (at a cost of increased
bandwidth).

When input to the swept oscillator, the frequency
versus time diagram shown in FIG. 11 i1s appropriate
(for the k=2 case). Note that during each sweep time
T, we have an effective 2T sec window. Thus, the even-
tual resolution is 3T Hz. The required sampling period
for such a filter is T;<2T. (The general Nyquist re-
quirement is T;<kT). As long as T >s/k the Multichan-
nel Coherent Receiver is able to achieve Nyquist (or
faster) sampling.

Above we described the conventional compressive
receiver and indicated that T;>T. Here we point out
that the conventional recetver may be interpreted as a
special case of multichannel coherent receiver with
k= 1. However, for Nyquist sampling a necessary con-
dition 1s k=2.

The output of the swept oscillator 44 of FIG. 1 as
shown in FIG. 11 is compressed by the second Multi-
channel Coherent receiver subsystem, the multiplexed
compression filter 435.

MULTIPLEXED COMPRESSION FILTER

In order to form the Fourier transform of the input
signal s(t), the swept output of the chirp oscillator mixer
43 must be processed by the appropriate matched filter.
Such a filter s shown in FIG. 7. Perhaps the most
straight-forward means of realizing this filter is the use
of k separate dispersive delay lines, each at an appropri-
ate center frequency as shown in FIG. 7. Another ap-
proach is to fabricate a single filter having the charac-
teristics shown in FIG. 6. The broad utilization of the
Multichannel Coherent receiver of this invention will
undoubtedly call for the development of a single filter
having the required characteristics.

We next derive the output of the matched filter 485.
With reference to equation 8§, let the output of the chirp
oscillator 44 be

c(t) = (9}

¢

where we have used complex notation for convemence,
and perform the analysis of baseband to further simplhfy
the equations.

Recall that the frequency multiplexed delay line be-
gins yielding valid output after an initial delay of
(k — DT sec:

|| ¢

| Wl — ik — mTe Rrin . DRI -1A - I}ﬂ) o R A 13032

St + (k- DT = ( 1
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~-continued

Y A O r”] . e

The impulse response of the frequency muluplexed
matched filter 1s given by

L . .
b E Wt -« (n — [iTie - =T
1N =

hig) = ¢ —lemtn = DRI —im Res

So the output of the multiplexed filter 45 1s

T | t1 2
y(r} = = s+
O I'I=1
(n — ”T}t’! -—_,E:TU-T — | JRIFE --_,.VZTHJ':PJTTHET" “rlt" I_.':.Tvl’.' Y. RN T
| k T
_ eﬁrR-rrZ bl e—hj:#fﬂ*-HRTT st=(n—0nTwe - ,!_.-rf-?.-r.'d!_

n=| O

Changing vanables within the integral gives

y(r} = ERY
e K ,, - nT N o
JTRTI 3 e-Amin- LRI saje TR g

n=| (n — DT
k nT
-~ TR § e ATRIA Yy
n=1  yn - DT
? kT
— | /7RT H{G]ﬂ”'a’j”‘qradﬂ
Q

Equation 13 i1s a key result. It states that a T sec segment
of the chirped output of the frequency multipiexed time
delay circuit 31. when passed through the tfilter 43
shown 1n FIG. 7. s the Fourier transform of s{t) having
a true time window of kT sec duration. Thus the resolu-
tion (or filter 4y bandwidth) s approximately 1/KT Hz.

The left term in equation 13 is an undesired residual
FM (or chirp) modulating the desired transtorm. This
may be removed in a straightforward manner by de-
chirping the matched filter 45 output. However. this
may not be necessary if we restrict the Muitichanne!
Coherent receiver to extraction of signals of interest
having bandwidth on the order of or less than the chan-
nelization filter 45 bandwidth (1/KT) Hz.

Let s(t) be a signal of interest with bandwidth (1/KT)
Hz. The Multichannel Coherent receiver output of
interest for this signal will last A7 sec, where

Ar={1/RkT). (14)

for A7 sec the residual FM frequency wili be changed 10
At Hz, where

A/ = RAr (13

l

kT

1}

If the period of this maximum frequency 1s significantly
larger than the duration of the desired output, then we
may ignore the term. This condition 1s
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{1/Af> > Ar. {(16)

or

(KRTHKT)> > 1 (17)
However, the above product is the equivalent time-
bandwidth product (TW) of the frequency multiplexed
matched filter 45. Thus, for large TW(> 100) we may
be able to ignore the residual FM term. We point out
the gain (k°) in TW achieved by the filter 45. This
means that the individual TW products (if we use the

k-parallel filter approach) may be relaxed by a factor of

k- to achieve a given effective TW.

CHANNELIZATION
Each of the previous sections has discussed a particu-

lar subsystem of the receiver for the overall purpose of

establishing the kT sec window and resulting k-times
improvement in frequency resolution, and perhaps most
importantly the attendant capability of Multichannel
Coherent receiver to achieve Nyquist and greater sam-
pling of 1/kT filters when kT >Ti.

Expanding upon the previous result, we may derive
the Multichannel Coherent receiver output for a gen-
eral bandpass intercept and arbitrary matched filter 45
center frequency. Using strictly real signals one may see
how the 1+ Q mixer generates the real and imaginary
parts of the input signal Fourier transform translated to
baseband.

First. we use standard 1+ Q representation of an arba-
trary bandpass signal s(t).

Sty = sp(t) cos (wet) + 541) sin w,l (18)
where
= e{t} cos (wo — b))
efty = 2 “'ﬁﬁl{t} ~+ :‘-'.qli_'t} ,
and
SAL) 19)
1) = tan—! Ll ‘
Sp‘[}

as shown in FIG. 8.
We also show the spectrum of the baseband complex

functions s.(t), where

a (20)

so{1) = LPF{s(t)e —Jwcl}

= e{t)e/?",

where LPF {.} indicates passage through a low pass
filter having two sided bandwidth B. The signal defined
in equation 20 is now shown to be the in-phase and
quadrature output of the Multichannel Coherent re-
ceiver I 4+Q mixer 56.

Using equation 18, the output of the chirp oscillator
mixer 43 is:

il = (1) Cos (wot — d()) Cos (w1 — aR1%) {(21)

= delt) Cos {(wypt — ) + R,

where we eliminate the sum frequency term, and
WIF=We— W1, |

The output of the matched filter 43 1s then (dropping
the multiplicative constants),

;

1O
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T 1)
viRT) = Sy con{—wpit — 1) - 7Rz - 1=,
)
which becomes
T RRY

YiR7) = —cos (wprr — 7R ) e(t) sin (dbity — lowRrtidt -

-T

sin {wyrr — wRT) elt) cos {b(l) - 2mrRridt

Y

We next pass the above signal through the in-phase (cos
(wyrr)) and quadrature (sin {wye7)) mixers S0 and 31 to

get

T {24)

l-channel: — e(1) sin {(d(1) — 2w Rrt)dt

O

T

Q-channel: e(1) cos () — 27 Rri)dt

0

where, as discussed above, we have eliminated or 1g-
nored the residual FM. The I-channel output may be
written,

‘1:F

4 T N o
e(fje/Pille — AW R4y 3

Y /

[-channel: Imag ¢

and the Q-channel

(26}

T
Q-channel Rcal{ e(1)e/Olile — 27 RTig } |
C

Referring back to equation 20, we see that the [+Q
mixers 50 and 51 outputs are the imaginary and real
parts of the Fourier transform of the baseband signal
so(t). When this transform is sampled, once per scan. the
resulting multiplexed compression receiver output is
exactly the same as if a bandpass filter and had been
placed at w., and the output translated to baseband. This
is the channelization property of the Multichannel Co-
herent receiver.

ALTERNATE EMBODIMENT

In the situation where the Multichannel Coherent
Receiver of this invention is desired but the intermedi-
ate frequency bandwidth 1s limited or when K/F.<2.
the modified receiver of FIG. 14 1s to be used. This
embodiment replaces the circuitry of FIG. 4 between
the output of band pass filter 30 (BPF2) and lead 46. the
output of the multiplexed compression filter 43.

Employing this alternate configuration the composite
input signal from band pass filter 30 1s introduced into a
tapped delay 131 having a number of sections
131A-131N. The time delay between taps 1s T seconds.
The individually delayed signals at the taps are each
multiplied with a common swept local oscillator fre-
quency from oscillator 44 in respective mixers 132-133,
then introduced into identical (matched) respective
dispersive filters 101-104. These outputs are then up
converted in frequency by mixinb in respective mixers
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108, 109 and 116 with the output of synchronized local
oscillators  105-10n  having frequencies related

t=(k—DRT. f=(k—2)RT and t=RT just as in the
frequency multiplexed delay circuit 31 of FIG. 4. The
signals are next summed in adder 111 ready for intro-

duction nto the in-phase and quadrature samplers of

FIG. 4

The advantages of the embodiment of FIG. 14 1n the
[F bandwidth limited situation are apparent. Employing
the embodiment of FIG. 4, the entire IF band 1s carried
in one signal channel, e.g. the lead between the band-
pass filter 30 and the frequency multiplexed delay. This
may exceed the capabilities of the existing components
capabilities in bandwidth. Likewise, each band as 1illus-
trated in FIG. § must be separated by a dead band so the
bandwidth B is limited.

Employing the alternate embodiment of FIG. 14,
each delaved segment 1s carried on a separate lead,
through a separate mixer 132-135 and thus are 1solated
from each other until recombined in adder 111. The
individual bands are smaller in bandwidth than the sin-
gle band of FIG. 4 and the individual bands may over-
lap.

FIG. 14 shows only N — 1 mixers 108-110 when oper-
ating at the IF frequency,—the simplest case from the
equipment standpoint. All output lines from the disper-
sive filters 101-104 will have a respective mixer 1f 1t 1s
desired to produce the output at a different IF.

TIMING AND CONTROL

Timing 1s accomplished employing the master clock
and timing control circuit 26 of F1G. 4. A typical circuit
26 is illustrated in FIG. 13 and 1its cutput wave forms
iHlustrated in FIG. 12.

Referring now to FIG. 13, the nnming and clock cir-
cult comprises basically a master clock, oscillator 25
which provides the basic clock rate for the system. It’s
clock rate 1s chosen arbitrarily. Master clock 25 pro-
vides clock frequency on lead 27 to the Analog to Digi-
tal converters 61, 70 and 71. The basic clock frequency
I, 1s divided in divide by 1000 prox. in divider circuit 28
to produce a trigger pulse on lead to trigger each sweep
of oscillator #4.

The ttming and control circuit also includes a counter
37, digital memory 38 and comparator 39. Pulses from
the master clock 25 are introduced into the counter 37
and the counter 1s reset each time the local oscillator 44
1s triggered. Thus the frequency position of a signal is
related to the count in the counter 37. The external
command applied to the digital memory 38 establishes a
count which is the equivalent of the frequency or emit-
ter desired to be processed. This count is introduced
Into a comparator 39 so that each time coincidence
exists (n counter 38, comparator 39 provides enabling
pulses to the emitter selectors 72, 73, which merely are
switches to allow the passage of signals when they are
enabled.

MULTICHANNEL COHERENT RECEIVER
SPECTRUM ANALYSIS

When used as an improved resolution spectrum ana-
lyzer, the Multichannel Coherent recetver ouptut given
in equation 23 1s simply enevelope detected as ilius-
trated in FIG. 4. Thus, we square and add the [ +Q
mixer outputs given in equation 24 to obtain

FIRT) = QHRT) = AHRTINNUURTI + ANRTICOs= (R (27)
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-continued
= 4-(R7+)

which 1s the magnitude of the desired spectrum. where

Py A y -
A(Rme/MM BT = eft)ePlite o7

§

MULTICHANNEL COHERENT RECEIVER
PARAMETER RELATIONSHIPS

When employing the Multichannel Coherent re-
ceiver, there are a number of parameters that must be
chosen to specify a given Multichannel Coherent re-
cetver performance. We list below the parameters mosi
frequently encountered.

INDPENDENT MULTICHANNEL COHERENT
RECEIVER PARAMETERS

Definition

Receiver Parameter

B {ntercept Bandwidth (Hz)

AF Frequency resolution or
channelization filter band-
width (Hz)

k Number of multiplexed nime
windows, improvement in
frequency resolution over
conventional receivers,
number of taps on delay
ine.

MCR sampling rate relative
(0 Nvquist (F; 2 | for
channelization).

Once the above parameters are independently speci-
fied, the following parameters are determined.

Parameter Vialue Detimnon
T L Time delav belween defay hne
KA f aps (sec).
T —-1— MCR scan ume {secC
F.Af ' | |
TW B Time-bandwidth product of
L each multiplexed dispersive
kAT T 1 delav line
R Bkal MCR scan rate (Hz/sec.
ko
F.
B B Bandwidih ol cach muluplesed
" dispersive delay hne tHzt
F.
Boor kB MCR output handwidth in the
( . ) spectrum analvzer mode tHz)
—_— ]
F,

Obviously the above partition into independent and
dependent variables 1s arbitrary, but [ have found that a
typical design sequence begins with at least a rough
knowledge of the desired intercept bandwidth and reso-
lution, and that the sampling rate should be at least 1.25
to 2 times Nyquist (1.25 < F;<2.0)
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FI1G. 9 shows the functional relationships between all
of the above parameters, and how one may be traded
against another. As an example of the utility of the chart
suppose that the following multichannel coherent re-
ceiver characteristics are desired.

TYPICAL EXAMPLE MULTICHANNEL COHERENT
RECEIVER PARAMETERS

14

Although specifically designed to achieve coherent
channelization of signals of interest, the Multichannel
Coherent Recetwver of this invention also provides sig-
nificant advantages when applied to spectrum analysis
and/or signal search.

In this section we characterize the Multichannel Co-
herent recerver as an instantaneous frequency measure-
ment (IFM) receiver, and compare its performance to
the conventional receiver described above.

Parameter Value .
—_— 10  All of the receiver parameters defined above are. of
fr_ 0 KHZZ course, still appropriate, but here we focus on the F, <1
F. 3 region. In addition, we define the following genenc
k 4 design parameters of IFM receivers.
PPttt
MCR/IFM RECEIVER PARAMETERS
Parameter Defimtion Value Comment
Relative Compression B/Af Numeralor is number
Factor W k _k_ | of frequency resolu-
F, tion cells, denomenator
15 dispersive filter
time-bandwidth product.
Measure of efficient
use of TW.
Relative Qutput B.. k Rato of receiver out-
Bandwidth B Kk put-to-input bandwidih
F.
MCR Compression Gain kik — F;) Measure of increased MCR
B4t | e eeolution for same TW
— | (MCR) | - F, resolidioen or same :
TW or reduced TW for same
B/Af | (conven- resolution.
TW tional)
Probality of F. 0 < F, <1 Same as defined above

Iniercept (Receiver
duty cycle)

but emphasis on F; < 1.

Referring to FIG. 9, the intersection of the F;=2 and
k=4 curves is the resuiting Multichannel Coherent
receiver operating point. Moving vertically down to
the abscissa, one can see that the required bandwidth
per multiplexed dispersive delay line is 1 X 30 MHz =30
MHz. The negatively sloped curve through the operat-
ing point indicates that the output bandwidth for the
spectrum analyzer mode is 4 X 30 MHz =120 MHz, and
that the required scan rate is 30X 100X 104 x4=1.2
MHz/usec. The positively sloped curve through the
operating point states that the required time-bandwidth
product for each of the four multiplexed dispersive
delay lines if

10 = 108/10%3) = 750,

Now say the output bandwidth of 120 MHz in the
multiplexed compression receiver spectrum analyzer
mode is considered too large, but the intercept band-
width, frequency resolution, and time-bandwidth prod-
uct must remain the same. One may then stay on the
(Af/B/TW)=131 curve and move to the lower left to
reduce the output bandwidth (at a cost of reduced sam-
pling rate, in this example).

It is also pointed out that the k=1 curve is the locus
of operating points for conventional compressive re-
ceivers, as defined above. Note that the curve only
asymptotically approaches F;=1 (or Nyquist sam-
pling), as the IF bandwidth increased to infinity, or the
intercept bandwidth decreases to zero.

40

45

50

35

FIG. 15 shows the relationship between relative com-
pression factor and receiver duty cycle (POI). The
curves point out the trade required between POI and
compression factor—higher POI always demand more
time bandwidth product (TM) for the dispersive filter
31, reduced resolution, or both. The Multichannel Co-
herent recetver configured with four (k =4) multiplexed
time delays improves the situation by achieving higher
POI for a given compression factor, or higher resolu-
tion (or lower TW) for a given POL For example, the
Multichannel Coherent receiver with k=4 realizes a
factor of 30 increase in resolution for the same time
bandwidth product (TW) and POI (50%) when com-
pared to the conventional recetver. This relative 1m-
provement is shown parametrically in FIG. 16 as a
function of receiver duty cycle. The compression gain
may be interpreted as the increase In resolution (or
reduction in TW) for Multichannel Coherent receiver
relative to conventional (IFM) Instantaneous Fre-
quency Measurement receivers. At low duty cycles, the
Multichannel Coherent receiver compression gain ap-
proaches its minimum of k?. For higher values of F; the
gain becomes quite large, being approximately 30 for
k=4 and F;=0.5.

Output bandwidth is an important consideration in
the selection of Instantaneous Frequency Measurement
parameters, and often prevents the realization of desired
POI and/or resolution. In FIG. 17 we show the rela-
tionship between POI! and relative output bandwidth
(B,/B). Note that the Multichannel Coherent Receiver
achieves essentially the same output bandwidth as con-
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ventional receivers for low POI. and actually reduces
the output bandwidth at high (>0.1) POl When
viewed in light of the previous two figures, this means
significantly improved resolution with no increase In
output bandwidth (for POI=50% and k=4 the band-
width is reduced by more than a factor of 2. while the
resolution is increased by a factor of 30 for the same
Time Bandw:idth Product).

The three curves, FIGS. 15-17. should allow the
reader to perform comparative traces betwen Multi-
channel Coherent Receiver and conventional Instanta-
neous Frequency Measurement receivers, regardless of
the particular bandwidth, resolution, etc. required by
each application.

The Multichannel Coherent Receiver has been
shown to achieve significant improvement in resolution,
POI, and required Time Bandwidth Product (TW). At
the same time, the Multichannel Coherent Receiver 1s
capable of operating as a coherent channelization re-
ceiver. This combination of efficient signal search and
coherent extraction of Signal of Interest (SOI) can pro-
vide an attractive receiver for the signal collection
problem.

What s claimed 1s:

1. A radio receiver comprising an input circuit for :

receiving a radio signal;

a local oscillator;

means for mixing a radio signal at said input circuit
with at least one local oscillator frequency to pro-
duce a convenient intermediate frequency product
of said radio signal and said local oscillator fre-
quency;

a variable frequency oscillator generator having a
predetermined scan rate:

a delay line including a plurality ot taps;

means for introducing the intermediate frequency
product of said mixing means into said tapped
delay line;

a respective oscillator for each of said taps, each of
said oscillators having a frequency which is a func-
tion of (k—n)RT where K—1 1s the number of
taps, R is the scan rate of the varnable frequency
oscitlator generator, T is a constant and n s the
number of a particular tap;

means for mixing the output of each of said taps with
the output of its respective oscitlator to provide a
plurality of outputs;

means for combining the plurality of outputs to pro-
duce frequency multiplexed delayed products:;

means for mixing the output of said variable fre-
quency oscillation generator with the output of
sald combining means;

a filter having a variable delay-frequency characteris-
tic matched to the time variation rate of said vari-
able frequency oscillation generator coupled to the
output of said lasting mixing means and having a
maximum delay value T; and

means connected to the output of said filter for utiliz-
ing the signal [whereon];

whereby said receiver develops a Fourier transforma-
tion of input signals with amplitude and phase in-
formation preserved.

2. A signal analyzer comprising:

a variable frequency oscillation generator having a
predetermined scan rate;

a delay line including a plurality of taps:

- means for introducing a signal to be analyzed into
said tapped delay line;

1O
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a respective oscillator for each of said taps. each of
said oscillators having a frequency which is a tunc-
tion of (k—nmRT K —1 1s the number of taps. R 1s
the scan rate of the variable frequency osciliation
generator, 1 i1s a constant and n 1s the number ot a
particular tap:

means for mixing the output of each of said taps with
the output of its respective oscillator 10 provide 4
plurality of outputs;

means for combining the outputs of said mixing
means to produce frequency multiplexed delaved
products;

means for mixing the output of said variable fre-
quency oscillation generator with the output of
said combining means:

a filter having a variable delay-frequency characteris-
tic matched to the time vanarnon rate ot said vari-
able frequency oscillation generator coupled to the
output of said last mixing means and having a maxi-
mum delay value T; and

means connected to the output of said filter for utiliz-
ing the signal [ whereon];

whereby said receiver develops a Fourier transforma-
tion of input signals with amplitude and phase in-
formation preserved and one hundred percent
input signal coverage.

3. The combination in accordance with claim 1 or 2
wherein said filter has a plurality of linear time fre-
quency sections.

4. The combination in accordance with claim 3
wherein each of the frequencies of said sections are
central about the center frequency of the product from
said combining means.

5. [the] The combination in accordance with claim
1 or 2 wherein sald combining means 1s an adder.

6. The combination in accordance with claim 1 or 2
wherein satd variable frequency oscillation generator is
a linear sweep local oscillator,

7. The combination in accordance with claim 1 or 2
including means for triggering said variable frequency
oscillation generation once each sweep period.

8. The combination in accordance with claim 1 in-
cluding first and second means coupled to cutput of said
filter for deriving quadrature components of the signal
output of said filter.

9. The combmnation n accordance with claim 2 1in-
cluding first and second means coupled to the output of
sald hiter for deriving guadrature components of the
stgnal output of said filter.

10. The combination in accordance with claim 8 or 9
including a pair of square law detectors coupled to
respective quadrature components deriving means for
detecting two othogonal components of signals; and

means for adding said detected components to recon-
struct the time amplitude spectrum of the signal
band at the input of the recerver.

11. The combination in accordance with claim 8 in-
cluding means for detecting the outputs of said first and
second quadrature component deriving means;

means for adding the output of said detecting means
to produce a reconstruction of analog signals re-
celved.

12. The combination in accordance with claim 8 in
which said utilizing means comprises first and second
analog 1o digital converters coupled to the outputs of
respective quadrature component deriving means:

switch means coupled to the output of said analog to
digital converters: and



Re. 31,943

17

timing means coupled to said variable frequency os-
cillation generator to trigger its frequency varia-
non and coupled to said switch means to switch
said switching means to a conducting condition at
a time related to a selected frequency of said vari-
able oscillation generator.

13. The combination in accordance with claim 9 in
which said utilizing means comprises first and second
analog to digital converters coupled to the output of
respective quadrature component deriving means: 10

switch means coupled to the output of said analog to

digital converters; and

timing means coupled to said variable frequency os-

cillation generator to trigger its frequency varia-
tion and coupled to said switch means to switch 1[5
sald switching means to a conducting condition at

a time related to a selected frequency of said vari-
able frequency oscillation generator.

14. The combination in accordance with claim 12 or
13 including individual switch means for each of said 20
quadrature component deriving means.

15. The combmnation in accordance with claim 12
wherein said variable frequency oscillation generator is
a linear sweeping oscillator and said timing means ena-
bles said switch means at a time after commencement of 235
sweeping of said linear sweeping oscillator related to
the desired frequency to be processed.

16. The combination in accordance with claim 8
wherein said utilization means comprises a pair of signal
detectors respectively coupled to said quadrature com- 30
ponent deriving means, and means for combining the
outputs of said detectors.

17. The combination in accordance with claim 16
wherein said combining means is an adder.

18. A signal recetver comprising an input circuit for 35
receiving a radio signal:

means for mixing a radio signal at said input circuit

with at least one frequency to produce at least one
intermediate frequency product of said radio signal
and said frequency; 40

a delay line including a plurality of taps:

means for introducing said intermediate frequency

product into said tapped delay line;

a variable frequency oscillation generator having a

LM

predetermined scan rate; 45
a plurality of frequency sources having a frequency
relationship of RT; 2RT . . . (K~ 1DRT where

K —1 equals the number of taps of said tapped
delay line, R is the scan rate of the variable fre-
quency oscillation generator, T is a constant; 50

means for combining the output of the taps of said
delay line with the output of respective frequency
sources to produce frequency multiplexed delay
products; .

means for mixing the output of said variable fre- 55
quency oscillation generator with the output of
sald combining means;

a filter having a delay which varies directly as a func-
tion of frequency of said last mixing means; and

means for deriving quadrature components of the 60
output of said filter. -

19. A signal receiver comprising an input circuit for

receiving a radio signal;

first means for mixing a radio signal a said input cir-
cuit with at least one frequency to produce at least 65
one intermediate frequency product of said radio
signal and said frequency:

a sweeping frequency oscillator;

18

a delay line including a plurality of taps:

means for introducing said product into said tapped
delay line;

a plurality of frequency sources having a frequency
relationship with respect to each other of RT. 2RT
.. . {K—-1RT;

second means for mixing the output of the taps of said
delay line with the output of respective frequency
sources to produce a plurality of outputs

means for combining the plurality of outputs to pro-
duce frequency multiplexed delay products:

third means for mixing the outpui of said sweeping
frequency oscillator with the output of said com-
bining means:

a bank of dispersive filters, each of said bank of filters
having a center frequency which is a function of
the frequency of a respective one of said frequency
sources as transformed by said sweeping oscillator
and said third mixing means and having a band-
width of at least RTHz;

said bank of dispersive filters coupled to the output of
sald third mixing means;

wheremn K —1 equals the number of taps of said
tapped delay line, R 1s the scan rate of the sweeping
frequency oscillator, T is the maximum delay of
said filters; and

means for deriving the in phase and quadrature com-
ponents of the output of said filter.

20. A signal receiver comprising:

means for receiving a signal;

a first local oscillator;

a mixer coupled to said signal receiving means and
said first local oscillator to produce a first interme-
diate frequency representation of the signal re-
ceived;

a sweeping frequency local oscillator;

a tapped delay line;

means for introducing said intermediate frequency
representation of the signal into said tapped delay
line:

means for mixing the signal at each of said taps with
the output of said sweeping frequency local oscilla-
tor to produce a plurality of variable delayed repre-
sentations of said signal:

a plurality of dispersive delay lines, each having a
frequency-delay characteristic corresponding to
the sweep rate of said sweeping frequency local
oscillator,

means introducing said plurality of variable delayed
representations of said signal into respective disper-
sive delay lines:

a plurality of second local oscillators each having a
frequency a function (K —n) where K—1 1s the
number of taps, n is the number of a particular tap.
R 1s the scan rate of the sweeping frequency local
oscillator and T 1s a maximum delay of said disper-
sive delay lines:

a plurality of mixers for respectively combining the
output of said second local oscillators with the
output of respective dispersive delay lines; and

means for adding the output of said mixers.

21. A signal analyzer comprising:

means for receiving a signal to be analvzed;

a sweeping frequency oscillator; °

a tapped delay line;

means for introducing said signal to be analyzed into
said tapped delay line;
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means for mixing the signal at each of said taps with
the output of said sweeping frequency osciltator to
produce a plurality of variable delayed representa-
nons of said signal:

20

phase difference between the representations comprises the
step of frequency shifting each of the signal representations
by a discrete frequency shlft value.

24. The method of receiving in accordance with clanm 2.

a plurality of dispersive delay lines, each having a 5 further including the steps of:

frequency-delay characteristic corresponding to
the sweep rate of said sweeping frequency oscilla-
tor:

means introducing said plurality of variable delayed
representations of said signal into respective disper-
sive delay lines:

a plurality of second oscillators each having a fre-
quency a function F=(K—n) where K—1 1s the
number of taps, n is the number of a particular 1ap,
R is the scan rate of the sweeping frequency local
oscillator and T is maximum delay of said disper-
sive delay lines;

a plurality of mixers for respectively combining the
output of said second oscillators with the output of
respective dispersive delay lines; and

means for adding the output of said mixers.

22. A method for receiving a selected bandwidth of radio

10
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deriving the in-phase and quadraiire components of said
signal representations and for processing :hese compo-
nents of the signal representarions.

25. The method in accordance with claim 22 in which
time defaying sald signal representation occurs prior fo
frequency value saifting.

26. The method in accordance with claim 22 whercin
discrete time delaving occurs prior to dispersive time delay-
ing of said signal representations.

27. A receiver for receiving a selected bandwidth of radio
frequencies which provides time coverage without time gaps
of the selected bandwidth comprising:

means for producing a series of representations of ric

selected bandwidth of radio frequencies by introduc-
ing the selected bandwidth of radio frequencies into a
plurality of different signal paths;

means for frequency value shifting the muitiple represen-

tations of the selected bandwidth repeatediy over a
predetermined period of time. the magnitude of fre-
quency value shifting varying over the predetermined

frequencies and for providing time coverage without time
gaps of signals appearing in the selected bandwidth com-
prising the steps of- 25

producing from a source of received signals, multiple
representations of the selected bandwidth of radio

frequencies by introducing a selected bandwidtn of

radio frequencies into a plurality of different signal

period of time as a function of time;

means for dispersively time delaying the frequency
shifted signal representations of the selected band-
width over a range of time delay values. the time delay

paths: 30 having a predetermined function of their frequeincy
frequency value shifting the multiple representations of values;
the selected bandwidth repeatedly over a predeter- time delaying by a discrete amount at least one of said
mined period of time, the magnitude of frequency signal representations with respect to other of said
value shifting varying over the predetermined period representations after introduction into said signa!
of time as a function of time, 35 path;
dispersively time delaying the frequency shifted signal means for time compensating for the difference betwecn
representations of the selected bandwidth over a range the signal representations resulting from time defuy-
vf time delay values, the time delay having a predeter- ing and dispersively delaying said representations: and
mined function of their frequency value, means for combining the results of the foregoing opera-
time delayving by a discrete amount ar leasr one of said 30 tions on the representations of the selected bandwidih

to produce an output which preserves the ampliiudy
and phase characteristics of the signals appeartng
within the selected bandwidth.

28. The receiver in accordance with claim 27 in which
the means for time compensating for the time delay differ-
ence between the representations and each of the delayved
representations comprises means for frequency shifting
each of the frequency values in each of the series of deluved
representations by a discrete frequency shift value.

29 The receiver in accordance with claim 27 further
including:

means for deriving the in-phase and quadrature compo-

nents signal representations for processing therein.
¥ * W L |

signal representations with respect lo other of said
signal representations after introduction into said
signal path;

compensaling for the phase difference between each of

satd representations resulting from the steps of time 35
delaying and dispersively delaying said representa-
tions;, and

combining the results of the foregoing method steps (o

produce an output which preserves the amplitude and
phase characteristics of the signals appearing within 50
the selected bandwidth.

23. The method of receiving a selected bandwidth of
radio frequencies in accordance with claim 22 in which the
step of time compensating for the time delay produced
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