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that harmonic operation permits the upper frequency range

of fabrication to be extended for most dispersive-filter designs

[4].

In view of the wide utility of large TB dispersive filters

having high compression ratios and the degree of success in

present development efforts, the outlook is extremely bright

for continued progress in the field of acoustic surface-wave

dispersive filters.
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The IMCON Pulse Compression Filter and its Applications

TOM A. MARTIN

Invited Paper

Abstract—The IMCON is a reflection-mode dispersive delay

line capable of high performance in large time-bandwidth product
pulse compression systems. As developed in thk paper, the unique
characteristics of the IM CON are obtained by reflection from a
double grating array that is applied to the surface of a strip. Current
models of the device have center frequencies in the 4-30-MHz range
with bandwidth up to 15 MHz, dispersion to 320 I@ time sidelobes

on the order of — 40 dB (with equalization), and other spurious sig-
nals at least 70 dB below the compressed output.

The characteristics of IM CON operation are developed from a
consideration of the device% transfer function. In particular, the
IMCON’S high linearity and low sensitivity to fabrication and propa-

gation problems are shown to be due to a unique error rejection
effect. By comparison, the error rejection characteristics of single
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06002.

grating and dispersive transducer devices are found to be inferior
to the IMCON. Data derived from operating pulse compression sys-
tems are utilized to demonstrate the low tiie sidelobe snd high
time-bandwidth capability of the IMCON.

I. INTRODUCTION

T
HE I MCON is a reflection-mode dispersive delay line

capable of high performance in large time–bandwidth

pulse compression systems [1]. It has evolved from a

synthesis of three earlier dispersive delay-line technologies:

the dispersive strip delay line, the perpendicular diffraction

delay line, and the reflection grating device of Sittig and

Coquin.

The dispersive strip delay line, described by Meeker [2],

makes use of the naturally dispersive characteristics of the

first symmetric Lamb mode in a thin strip of metal. Although



~ARTIN: INICON PULSE COMPRESSIONlrILTER 187

El-1Imillil””““llllttP-

(a)

,

(b)

Fig. 1. “Single-summation’’a rrayc onfigurations. (a) SCD.
(b) Dispersive ID surface wave.

these devices have the advantage of simplicity and low cost,

they are troubled by delay nonlinearities and insertion losses

that grow rapidly with increasing time–bandwidth product.

As a result, their maximum time-bandwidth product is

limited to approximately 150. These devices have been built

in great quantity over the past ten years, and a large body of

fabrication technology and reliability experience has been

accumulated,

A second dispersive delay-line technology that has aided

the development of the IMCON is the perpendicular diffrac-

tion delay line (PDDL) described by Coquin and Tzu [3].

This device is commonly built on fused quartz with one trans-

mitting array of acoustic line sources illuminating a similar

receiving array on a perpendicular facet. The acoustic arrays

are composed of hundreds or thousands of lines etched photo-

lithographically into a standard bulk wave transducer. Al-

though capable of broad bandwidths, the PDDL is limited in

dispersion to approximately 35 ps because of quartz size

limitations, The most important characteristic of the PDDL

is its exceedingly low amplitude and phase ripple, which im-

plies correspondingly low side lobes in a pulse compression

system. This is achieved by the strong interacticm of the

mutually perpendicular transmitting and receiving arrays in

which many different paths contribute to the res~onse at a

given delay- time. This-interaction causes a statistical reduc-

tion of fabrication-born amplitude and phase errors.

The grating reflection device of Sittig and Coquin [4]

forms the third and most basic building block of the I M CON.

Shown schematically in Fig. 1(a), the strip version of this de-

vice makes use of fabrication technologies developed with the

strip dispersive delay line, combined with the grating technol-

ogy used in the PDDL. The result is a delay line capable of

large time=bandwidth products, but hindered by relatively

strong amplitude and phase distortions, and there fore poor

sidelobe performance.

The advantages and disadvantages of all three of these

technologies led to the development of the I MCON [5]. The

simplicity of the strip transmission-line configuration and the

advantages of the planar reflection grating approach seemed

to provide an expedient way to exploit the error rejection

properties of the PDDL. This led to the conception of a con-

figuration that would allow the interaction of two coplanar

grating structures, as shown in Fig. 2,

37CEL STRIP ACOUSTIC
PROpAGATION MEDIuM DAMPING
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FOR LOWEST SHEAR MODE GRATING

PATTERNS

Fig. 2. IM CON configuration.

In Section II, the I MCON’S transfer function is first ap-

proximated by a single-index summation and then evaluated

in closed form in order to obtain device design criteria. Section

III then uses the single-index summation form to compare the

effects of fabrication errors on the I M CON and other disper-

sive array devices. The I MCON’S general performance proper-

ties are discussed in Section IV, and specific pulse compression

data are presented. Section V describes future IMCON ca-

pabilities.

11. IMCON MODEL

Physical Descr@ion: As shown in Fig. 2, the IMCON con-

sists of a thin strip of solid material to which transducers are

bonded and a grating pattern is photolithographically applied.

The zero-order plate shear mode of propagation is utilized in

the strip [6]. This mode is naturally nondispersive; that is, its

phase velocity depends on neither frequency nor strip thick-

ness. The strip is most commonly rolled spring steel, although

fused quartz and aluminum are also useful in some circum-

stances. The strip must be kept slightly less than one wave-

length thick in order to prevent undesirable interactions with

other plate modes. The transducers are ferroelectric ceramics,

such as PSN or PZT, bonded to the edge of the strip. They are

poled in such a way to couple only to the shear modes of the

strip. These transducers are noted for their high efficiency and

broad bandwidth; 5-dB conversion loss per transducer over a

50-percent bandwidth is routinely achieved with simple im-

pedance matching and less than 3 dB is possible with more

complex matching. Both transducers are usually matched to

50 Q.

The grating pattern is a herringbone-like structure with

grating lines placed at 45° angles to the direction of signal

propagation. The grating dimensions depend on the desired

signal parameters, which are defined as follows :.fo is the center

frequency, AJ is the bandwidth, rO is the center-frequency

group delay, Ar is the group delay dispersion, and s= A~/Af

is the dispersive slope. The first four of these may be chosen

independently of one another. In the discussion that follows,

the desired group delay response is given by T(f)= s~. The

position of the nth grating line in either half pattern is given by

z. = <x,’+ 24% – 1), f$=l, . . ..~ (1)

where xl= vs(fo —Af/2)/2 is the position of the first line,

c = sn2/2 is the grating constant, and AJ=foAT/2 + 1 is the num-

ber of lines in each half pattern. The optimum grating width

d, which is dependent upon the signal parameters, will be dis-

cussed later. The phase velocity for the zero-order shear mode

is denoted by v and is identical to the bulk shear velocity. For

spring steel, v = 0.125 in/~s = 3175 m/s, which gives an in-

cremental delay for the folded grating path of 16 ps/in.
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Transfer Function: The I MCON’S transfer function is de-

veloped here to enable response predictions, design parameter

optimization, and evaluation of the effects of fabrication and

propagation errors. The transfer function for the small reflec-

tion coefficient case (neglecting transduction, attenuation,

and diffraction) can be written as

~(@) = ~ ~2n (m+.–2)7mne–it9 (.).+%) (2)
m,?a=l

where p and q are, respectively, the grating line reflection and

transmission coefficients, which are assumed to be independent

of the indices m and n. For shallow etched lines of constant

width on thin strips, p is given by

p ~ 2po sin @6x/2)

where PO= – Ni/2?z is the step reflection coefficient, k is the

strip thickness, M is the etch depth, and 6X is the grating line

width. The function y~n = max [(1 – I W–X. I /d), O] is the

path aperture constriction for reflections from the mth and

nth lines. ~ = co/v is the shear wavenumber, where co= 27rj is

the angular frequency. x~ and X. are the positions of the mth

and nth grating lines.

Equation (2) is a conceptually simple transfer function

representing the sum of individual nondispersive paths for all

possible grating line pairs. The path reflecting from the nzth

grating line on one side of the IMCON and then the nth grat-

ing line on the other side includes two reflections, wz+n — 2

transmissions through grating lines in the path, an aperture

constriction of -y~n, and has total path length x~+xn.

Although straightforward, the expression of H(u) in (2)

is not useful for obtaining design or performance information.

Direct numerical calculation is impractically long because N

is typically several thousand.1 However, it is possible to find

a closed-form approximation to H(a). The IMCON transfer-

function evaluation is divided into two distinct phases: the

first transforms the double summation into a single summation

and the second evaluates the single summation in closed form.

The approximate single-summation form is derived in Ap-

pendix I using a transformation of indices, power series ex-

pansions, and an integral approximation:

H(u) = ~ pzq [z–z)-yte-~~zztlz (3)
1=2

?’t = ~axziz8/bc2y(4@d2/4xllz). (4)

The function ~(zl) has been evaluated numerically and is

shown in Fig. 3. Equation (3) is adequate for design estima-

tions, but it should be remembered that the double summa-

tion is necessary for a complete representation. The signifi-

cance of this distinction is explored later in the discussion of

errors.

The second major step in the evaluation of iT(a) incor-

porates another index transformation and a stationary phase

approximation, as described in Appendix II. The resulting

I A. Mac Mullen and D. Olsen of Technology Service Corp. have de-
veloped a practical recursive numerical technique for evaluating H (co),
including various types of random errors. Their results corroborate the
anal ytical results of this paper for the case q = 1—P02.
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Fig. 3. Weighting function T(z1) used in a single.
summation representation of H(m).

amplitude response is

and the group delay response is ~(f) = sj, which is the desired

response. Equation (5) can be used to establish design criteria

for both the grating width d and the step reflection coefficient

po. d is chosen so that [ -y(zJ) \ in Fig. 3, and therefore I H(f) 1,

is near maximum while keeping d as small as possible (for

fabrication and error rejection reasons). The following choice

is usually made: Zz= v’;, which implies d = v{;. p. can be

chosen in several ways, one being such that I ll(~o) I = 1, with

q set to unity. This implies that – 2p. = Nz/k = l/~o/s/2. For

larger values of po, the small reflection coefficient hypothesis

is violated and second-order effects become important.

III. ERROR REJECTION PROPERTIES OF THE I MCON

Relationship Between Rejection Coe@cient Errors

and TYansj er- Function Errors

It is possible to determine the effect of reflection coefficient

errors on the I MCON’S transfer function. Such errors are due

to (for instance) incorrect grating line positions on the master

grating, distortions in photolithography due to thermal or

mechanical stresses, poor control of etching (or deposition)

thickness and uniformity, or distorted wave propagation due

to inhomogeneities in the propagation media.

For purpose of analysis, it is convenient to represent the

reflection coefficient of each grating line as a complex Fourier

series:

Pm = P(1 + En) (6)

where

Em = ~ ePe~2”$’rnlN, lE~l <<1. (7)
9=—W

The Fourier components CPprovide an approximate represen-

tation of all errors described in the previous paragraph and p

is the nominal reflection coefficient described in (2). Make the
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assumption that q~=q and substitute (6) into (2) to obtain

H(w) = ~ ,C12(1+ E1~)(l + E&@+”-21y~n
m,n=l

.e-~@@~+ZfiJ (8)

where Elna.nd E2n correspond to the two half gratings, Ne-

glecting terms of second order in E yields

(1 + EI~)(l + E2n) =l+EI. +E2W=1

+ ~ (elPe~2”~m/~ + czPe~2”~nl~). (9)
p=—m

The application of (20), (22), and (23) to (8) and (!)) gives

2N

i7(6J) = ~ J3zq(z-z)yl
1=2

“[
1 + 5 (~lpwp + e2Pp2c-PJ)ei~’2/N

p=—m :1.e—if121’1/2

where -yZ is given in (4) and

w. = -Y-l ~:~, ~ max [(1 – \~c/w/2 I/d), 01

.ejo%zkz/4Zi/z8+7rPk I N)

(lo)

(11)

The quantity PLOwas evaluated using integral approximation

techniques identical to those of Appendix I; pzp is even in P

and is, for the purpose of this discussion, independent of 1.

Consequently, we shall denote LLZPby I.Lp. Fig. 4 shows an

upper bound of IWp1, which is called the ‘(error rejection fac-

tor, ” as a function of I p [ /#ArAf.

Paired echo theory [1] can now be used to draw a direct

relationship between the pth Fourier error coefficient and the

Pth sidelobe level in a pulse compression system. This error

rejection property is one of the I MCON’S most important

features. It is the mechanism by which a host of fabrication

and wave propagation problems are eliminated, and by which

low pulse compression sidelobes are achieved. It is fortunate

that the low Fourier index errors, which are not rejected, fall

within the domain of distortions amenable to external elec-

tronic equalization—a technique that is well developed [1].

E~ects of Errors on Other Devices: It is instructive to now

find the effects of reflection coefficient errors on other types of

devices.

The Sittig–Coquin device (SCD), shown in Fig. 1 (a), has

the same number of grating lines as the IM CON; however, all

of these lines are now in a single grating and the line spacing is

one half wavelength. The transfer function for this device is

(12)
1=2

which we shall compare with (3). If the relationships PI= P2

and 7712=7 are imposed on the reflection and transmission

coefficients, then (12) can be written as

2N

Hsc(o) = ~ p2q(l–2)71sce–i82z1,2 (13)
1=2

189

Fig. 4. Upper bound for the magnitude of the I M CON error rejection

factor .ur as a function of the normalized index Ip I /<ATAf.

which is identical to (3) except that ~zsc is now constant and

equal to V. Thus (13) can be cast directly into the form of (5)

using the techniques of Appendix II.

The SCD transfer function, with reflection coefficient

errors, is found by substituting (6) into (13):

Note that (14) is essentially identical to (10) except 1) there

is only one q instead of two because there is only one grating,

and 2) most importantly, Cfl is not reduced by the error rejec-

tion factor pP shown in Fig. 4.

The dispersive interdigital (ID) array type of surface-wave

delay line, shown in Fig. 1 (b), can be described to the first

order by

which can be rewritten [7] as

[

2,V

1

2

HID(W) = ~ ~/De–i6’l/2 .
1=2

(16)

Note that i% D(QJ) is essentially identical to a cascaded pair of

(3) transfer functions with p and q set to unity. As such, the

techniques of Appendix II will yield HID(CO) in closed form.

The addition of reflection coefficient errors (6) and (7) to

(16) yields

‘lD(W)‘[ Ey;D[1+,2m’pe’=pz’’17)
The comments made in the previous paragraphs apply equally

to the ID surface wave device. Thus in spite of the fact that it

has two gratings, the ID surface wave device acts as though

it were two cascaded single grating de~’ices, and as such cannot

realize the benefits of the error rejection factor.

Experimental Evidence of Error Rejection: Fig. 5 shows an

experimental comparison of SCD and I MCON performance.

All parts of Fig. 5 were taken on the same amplitude and time

scales and the intent is to illustrate the difference in response
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(b)

Fig.5. Comparison ofimpulseresponses andcompressed pulse sidelobes
forthe SCD and IMCON. (a) SCD impulse response. (b) IMCOiN
impulse response. (c) SCD compressed pulse. (d) IMCON compressed
pulse. A reference exposure at –30 dB is included in (c) and (d).
All time scales are 10 W/div.

and sidelobe structure. Each line operates at 30 MHz in a re-

circulated pulse compression system with a bandwidth of

3 MHz and a dispersion of 50 MS. The impulse response of the

I MCON shows a marked reduction in random errors over that

of the SCD. The far-out sidelobe structure of the SCD shows

sidelobe peaks of nearly 30 dB, while the far-out sidelobe

structure of the IM CON shows better than 40-dB sidelobes.

It should be noted that most of the far-out sidelobe energy in

Fig. 5(d) is due to gating (i.e., Fresnel) sidelobes and does

not represent delay-line distortion.

IV. IMCON PROPERTIES

Tabulated below are the principal properties of I M CON’s

fabricated from spring steel using photoetched grating pat-

terns and ceramic transducers.

Dispersion: Dispersions of up to 320 ps are presently ob-

tainable.

Bandwidth: The IMCON is basically a broad-band device,

capable of up to an octave bandwidth.

Center Frequency: Center frequencies up to 30 MHz are ob-

tainable. Above this, attenuation and nonuniform wave prop-

agation problems are encountered. In addition, fabrication be-

comes difficult since the strip must be less than a wavelength

thick,

Insertion Loss: The I MCON is a relatively low-loss device

with that loss being attributable to four separate mechanisms

in most designs. 1) Transducer loss, which typically amounts

to 5 dB per transducer. 2) Reflection loss through the IMCON

grating structure, which typically totals 10 dB. 3) Damping

loss due to acoustic damping material applied between the

two I MCON half gratings in order to flatten the amplitude

response and/or further reject multiple transit responses. This

is usually somewhere between O and 10 dB of loss. 4) Propaga-

tion loss in the steel that has been determined experimentally

and is shown graphically in Fig. 6. Also shown for comparison

purposes are the attenuation losses of glass and fused quartz,

which are common delay-line materials.

Amplitude Flatness: The I MCON is often capable of f 0.5

dB amplitude ripple over up to an octave bandwidth due to a

t T-40
GLAS

ATTENUATION, 1
db/p S

[.1

.03 -

)0

FREQUENCY, MHz

Fig. 6. Shear wave propagation attenuation for spring steel,
T-40 glass, and fused quartz.

(a)

(b)

Fig. 7. Effect of acoustic damping between the IMCON gratings.
Amplitude response is shown for (a) no damping and (b) localized
damping.

unique fabricational control over the bandpass shape. As Fig.

2 shows, in the area between the two half grating patterns

there is a one-to-one relationship between frequency and dis-

tance measured along the length of the gratings. Thus a

localized application of acoustic damping material between

those gratings will produce a localized dip in the impulse or

frequency response of the I M CON. Fig. 7 shows the effect of

a finger tip applied to the area between the two grating pat-

terns. This means that acoustic damping materials can be used

to easily shape the amplitude response of an I MCON without

effecting its phase response. By the same token, it is possible

to use techniques such as thin-mass loading films between the

grating patterns to shape the phase response of an I M CON

without effecting its amplitude response.

S@wious: The I M CON’s spurious performance is excellent.

Feed-through and multiple transit spurious can usually be

held to – 50 dB or better when measured with a CW burst.

Furthermore, when the I MCON is used in a pulse compression

receiver, such spurious are further decreased by the correla-

tion gain. Other types of spurious associated with unwanted
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Fig. 8.

(a)

(b)

Type 7452. (a) Impulse response; 50ps/div.
(b) Compressed prrlse; O.2ps/div.

plate modes are very effectively rejected by the IMCON

grating pattern. It can be shown that when the IMCON is

properly designed these modes can never find their way to the

output transducer, but are instead absorbed in the damping

material around the perimeter of the IMCON [9].

(YOUP Delay Response: The IMCON may be designed for

either linear or nonlinear group delay responses as recluired by

the application [1]. The great majority of applications call for

linear FM responses, in which case deviations from a least-

squares linear fit to the group delay data typically amounts

to 0.05 percent of the dispersion. This means that a minimum

amount or no phase equalization is required in order to achieve

low sidelobes. It also means that the I MCON exhibits excel-

lent Doppler performance. Compressed pulse degradations

due to Doppler shifts will be limited by weighting filter mis-

match [1], not delay-line nonlinearities.

Center- Frequency Delay: The center-frequency delay is a

completely independent design parameter. It depends upon

the distance chosen between the IMCON grating pattern and

the transducers.

Slope: The algebraic sign of the dispersive slope is an inde-

pendent design parameter.

Temperature Coejicient: The temperature coefilcient of

group delay is a function of the independent design param-

eters given above, and is therefore under the control of the

delay-line designer. With this flexibility it is possible to build

an I MCON with vanishing group delay temperature coeffi-

cient at midband, which implies output pulse position tem-

perature invariance in a pulse compression system.

Size: The I MCON is small in size when compared to many

of the possible alternate approaches such as lumped constant,

dispersive strip line, tapered dispersive strip line, or PDDL.

Preliminary results indicate also that the I MCON may be

coiled to diameters of 1–2 in without degradation c~f perfor-

mance. This means that even very long dispersions may be

achieved in packages measuring only a few inches cubed.

IJWCON A #cations Data: Data on three representative

I M CON pulse expansion/compression systems are presented

below.

Type 7452: An unweighed pulse compression system was

developed to demonstrate the feasibility of a system with very

191

TIME, /,s
Io. 100. Ic

.01 ,1 1.0

o’

10.

Fig. 9. Type 7452 compressed pulse; log–log representation of the right
half of the pulse. Sidelobe details are plotted for t<1 j.ts. Sidelobe
peaks only are plotted for t> 1 PS. The theoretical sin (z) /.z response
is shown for comparison.

(a)

(b) (c)

Fig. 10. Type 7743 compressed pulse. (a) Unweighed; 0.5 ps/div.
(b) Weighted; 0.5 ~s/div with – 36.5-dB reference exposure. (c)
Weighted; 50 ps/div with l-div peak-to-peak on the vertical scale
corresponding to — 50 dB down from the peak response.

high correlation gain, i.e., very large time–bandwidth product.

The system operates at 20 MHz with 1O-MHZ bandwidth and

250-Ms dispersion, yielding a time-bandwidth product of 2500.

The I M CON’s in the system were gated down to the 10-

MHz/250-ys parameters. The I MCON’S were actually 12.5

MHz wide with 312.5-~s dispersion, giving them a time–band-

width product of nearly 4000. The system’s measured correla-

tion gain was 33.5 dB, which is but 0.5 dB from ideal. Fig. 8(a)

shows the impulse response of a type 7452 I M CON. The com-

pressed pulse sidelobe structure is shown on both linear [Fig.

8(b) ] and log–log (Fig. 9) scales. The significance of Fig. 9 lies

in the near-theoretical sidelobe structure, especially at times

far removed from the main response. It is seen that the side-

Iobe level decreases uniformly down to a “floor” of – 67 dB,

which is the receiver’s output thermal noise level. This is in

sharp distinction to “single grating” devices where a much

higher sidelobe “floor” covers the entire correlation interval

even for modest time-bandwidth products. [See Fig. 5(c). ]
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(a)

(b)

Fig. 11. Type 7759 responses. (a) Amplitude with –27.3-and –27.6-
dB references. (b) VSWR with 1.5:1 reference. In both (a) and (b) the
sweep rate is 1 MHz/div and the midscale corresponds to 15 MHz.

(a)

(b)

Fig. 12. Type 7759 weighted compressed puIses. (a) 0.5,us/div.
(b) 2#s/div. Both (a) and (b) have –40-dB reference exposures.

Type 7743: A weighted pulse compression system was de-

veloped with a 1250 time–bandwidth product system. The

system operated at 10 MHz with 5-MHz bandwidth and 250-

I.LS dispersion and a Hamming weighting function was em-

ployed. Fig. 10 shows the unweighed system output with

– 13-dB sidelobes and the weighted system output. The

weighted sidelobe level is — 36.5 dB and the pulsewidth ( —4

dB) is a near-theoretical 305 ns. All spurious are down at least

70 dB from the compressed pulse.

Type 7759: Another weighted pulse compression system

was developed to demonstrate low sidelobes in a moderate

(600) time-bandwidth product system. The system operated

at 15 MHz with 6-MHz bandwidth and 1OO-LLSdispersion and

a Hamming weighting function was employed. Fig. 11 shows

the amplitude and VSWR characteristics of a type 7759

I MCON. Fig. 12 shows the system output, The sidelobe level

TYPE 7759
GROUP DELAY AND PHASE ERRORS

-1 ~ ,3 ,4 ,5 ,6 ,; ,~-lo

FREQuENCY , MHz

Fig. 13. Type 7759 group delay and phase errors

is —40 dB and the pulsewidth ( —4 dB) is a near-theoretical

260 ns. Note the rapid sidelobe decay as predicted by the error

rejection factor. All spurious are down at least 80 dB from the

compressed pulse. Fig. 13 shows the group delay and phase

errors over the frequency band. These are the errors that re-

main after a least-squares fit (quadratic for phase, linear for

group delay) has been subtracted from the data.

V. FUTURE IMCON CAPABILITIES

It is interesting to explore how the I MCON’S capabilities

might be expanded in the future. Several specific areas are

identified and explored here.

Bandwidth: The I MCON’S present limitation of 15-MHz

bandwidth is the most serious limitation on its general useful-

ness. An extension of the bandwidth to 20 MHz is a possibil-

ity; however, an extension beyond that using strip techniques

is not feasible for the reasons indicated in Section IV. A much

more important route to wider bandwidth is the surface-wave

IMCON, or reflective array compressor (RAC) [8], [9].

It is possible to implement the surface-wave I MCON on

both piezoelectric and nonpiezoelectric substrates, which

affords the following advantages at microwave bandwidths:

the material can be chosen for its high velocity in order to

alleviate photolithographic problems; it can be chosen for low

attenuation; or it can be chosen for desirable crystal symme-

tries such as the cubic structure in which the velocity along

and across the I MCON grating can be chosen equal so as to

minimize the effects of misorientation. Surface-wave Genera-

tion is more difficult with nonpiezoelectric substrates; how-

ever, several techniques exist and are rapidly developing

toward greater efficiencies and/or bandwidths. These include

the grating mode converter [IO], [11 ], the thin-film overlay

[12], the bonded planar substrate [13], and the high-efficiency

wedge [14].

Dispersion: The steel I MCON’S m-esent maximum disper-

sion is 320 ys, due simply to photolithographic equipment

limitations. Extension to 600 ps simply requires larger equiP-

ment. Extension to 1 ms would involve the development of

either a folded pattern or photolithographic processing in sec-

tions.

Time–Bandwidth Product: It is the author’s opinion that

the —35-dB sidelobe IMCON system is limited in the time–

bandwidth product to approximately 10000. Based on extra-

polation of I MCON performance for devices with several

thousand time–bandwidth product, it is felt that the phase

equalization problem, in addition to the problems of attenua-

tion and velocity variations with temperatures, will become

exceedingly difficult above 10000.
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where

7z~ = max [(1 – \ Axtfi I /d), 0]/2

8ANDWIDTH (Af] , MHz

Fig. 14. Range of present and anticipated IM CON capabilities.

Linear Fill Domain: A pictorial presentation of present and

anticipated IMCON capabilities is given in Fig. 14. The

solidly outlined area gives the present limits. The areas out-

lined otherwise give the projected range of applicabi~ity after

the expenditure of varying amounts of development effort.

The small circles represent the I MCON’S built and the sys-

tems tested at Andersen Laboratories. Shown are the ex-

tended I MCON on steel strip and the surface-wave IMCON

on LiNbOs, BilzGeOzO, and YAG. The upper-bandwidth limita-

tion on the surface-wave I MCON is determined by 50-per-

cent bandwidth and I-yin linewidths, and the dispersion

limits are established by present-day crystal growth capabili-

ties.

VI. CONCLUSIONS

The IMCON and its properties have been described in

detail. The I MCON on steel strip is well advanced in develop-

ment and has demonstrated exceptional performance in high

tim~bandwidth applications. The development of the sur-

face-wave IM CON is presently underway and will provide

high performance broad-band devices. The future IM CON in

its various forms will cover an exceptionally large expanse of

the linear FM signal domain.

APPENDIX I

SINGLE-SUMMATION INDEX APPROXIMATION TO THE

I MCON TRANSFER FUNCTION

The I MCON’S transfer function is given by

where

-ym. = max [(1 – I Zm – *. I /d), O]. (19)

Define new indices 1 and k as

Substitution of (20) into (18) and (19) yields

By performing power series expansions of (22) in k, it is pos-

sible to write

Xlk = ZX112 — c2k2/4xl[J + . . .

Axlk = kc/xllz + . . . . (23)

Substitution of (23) into (21) and (22) yields

2N

1=2

where

(24)

It is possible to approximate ~Z in closed form. First, neglect

effects occurring only at the ends of the grating (i.e., 1=2 or

2 N) by setting

–ku = kz, = kt = dxzl,/c. (26)

Second, note that the terms in (25) are slowly changing and

are of stationary phase at k =0. Then (25) can be approx-

imated by the integral

TZ = d+k/23/&27(ZZ) (27)

where

T(ZJ =
s

“(1– z/zJeJ22dz, Zl = v’@d2/4xilz. (28)
o

The function ~ (zz) is plotted in Fig. 3. Thus (24), (27), and

(28) yield H(w) in the desired approximate single-summation

index form.

APPENDIX II

A CLOSED-FORM APPROXIMATION FOR THE

I MCON TRANSFER FUNCTION

It is desired to find a closed-form approximation to

This will be accomplished via an index transformation and the

principle of stationary phase.

At any given frequency u =@, there is a specific group of

lines in the grating which contribute most strongly to the

IMCON’S response. The line in the center of that group (call

it line number no) most nearly satisfies the one wavelength

path difference condition:

/32(%0/2 – x(no–1)/2) = !8c/xn,/2 == 27r.
(30)
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As a notational aid, introduce the modified shear wave num-

ber j?, which is almost equal to ~ and in addition exactly

satisfies the one wavelength path difference condition

Now introduce the index transformation

l=n+%o (32)

and note that by substituting (31) and (32) into (1), XZIZ can

be written as

X112 = 4(cD/21r)2 + c%. (33)

Substitution of (32) and (33) into (29) plus some simple

manipulation of the exponent yields

2N–no

H(w) = e–j~2z% /2 ~ p’q C“+”O-2)~dX(S+nO),23/&2

“Kv’@2/4x (.+..) 12)e~@” (34)

where

Note that the addition of 2mz to (35) does not affect (34), but

it serves to cast (35) in a form that is stationary in n at n =0.

This then implies that the summation in (34) can be ap-

proximated by an integral and evaluated using the principle

of stationary phase. Further substitution of (31) into the

stationary phase result finally yields

‘(”)“2”(’’’’Z”-Z’2’’)$RHH
.e-j[’12r@2-~2j-m14J. (36)

The group delay of (36) is given by

If we evaluate 1H(a) I only at those frequencies CO,for which

(3=~, we obtain

or, in terms of more familiar parameters,

and 7@ =s~ ,which is the desired linear FM group delay re-

sponse.
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