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A NOVEL, CHARGE-COUPLED DEVICE FOR TIME DELAY WITHIN-PULSE SECTOR SCANNING SONARS

L. H. Ong

Abstract: Computer simulation studies and experimental evaluation of existing
Time-~Delay-and-Integrate devices for within pulse sector scanning
demonstrate the presence of beam distortions which depend on sector
size, beamwidth and scanning rate. Severe distortions prevent
the potential application of such devices to high speed scanning.

A new device structure based on a novel concept of time delay
beam scanning is reported, which is specially suited for fast
scanning without distortions.

I. Introduction

In Time Delay and Integrate (TDI) signal processing, signals from parallel
channels are differentially .delayed before being summed or integrated into
2 serial output as shown in fig. 1.1a. The actual TDT device® used in this
work is more accurately represented by a fig 1.1b where each input is added
to the accummulating sum of preceding inputs obtained at different rast
instants in time depending on the clock history.

Fig 1.2 shows plane waves impinging on a line array of equally spaced
transducers which are connected in order to the TDI. With the TDI operated
at a constant clock period T., constructive summation occurs for wavefronts
coming from direction @, for which the delay in water equals the delay intro-
duced by the device. Tﬁe TDI therefore 'forms = beam! in a direction
determined by the clock period.

There are basically three ways of using TDI devices to look at a sector.

In the pulse to pulse approach, after a pulse is transmitted, the TDI
clock period is maintained constant for the time that the pulse takes to
travel out to the maximum range and return. For each pulse, the clock
period is constant at a different value to look at a different direction.
Taking as an example, a maximum range of 75 metres and a sector containing
30 beams, the total sector coverage time is 3 seconds. This is evidently
a slow beam steering application.

Secondly, multiple beams can be preformed by operating a number of
TDI devices in parallel each at a different clock period to look at a
different angle. Sector coverage is attained by either displaying the TDI
outputs simultaneously or scanning them serially. This approach presents
no new problems though the use of separate clock generator and peripheral
circuitry for each device may lead to system complexity. Beam interpolation
may be required.

This paper however is mainly concerned with evaluating the TDI for
within pulse sector scanning in which the receive fbeam' is syept across
the insonified sector within the duration of the transmittedpso that no
target is lost. For good range resolutions, short pulses are used. Presently
available sector scanning sonars using phase scanning have been operated
at scanning rates of more than 5 kHz (pulse durations less than 200 micro-
seconds). It is the aim of this work to evolve a time delay scanning
system capable of the same fast scanning rates and with the attendant wide
bandwidth advantages of time delay processing. The system simplicity and
compactness accruing from the use of TDI devices are also important
considerations.

Unlike the first two approaches where constant period clocks are used,
the TDI is in this case driven with a scanning clock whose period varies
from period to period within a scan. The next section is concerned with_
problems encountered with the existing TDI devices when the clock period
is varied rapidly as is necessary at high scanning rates.
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IT. Beam Distortions at High Scanning Rates

Fig 2.1 shows the situation when the TDI is operated with a scanning
clock where the successive clock periods are different as denoted by
T4 Toy Tz, etc. At the instant when the clock period T4 is equal to
the delay in water T, between adjacent transducers, the first two input
samples A and B are constructively summed together since they are taken
from the same plane wavefront. However, at the next sampling instant,
the clock period T, being different from T4, the third input sample does
not come from the point C on the same wavefront but from a point either
in front of or behind C, depending on whether T, is smaller or larger than
T1. In Fig 2.1, To is assumed larger than T4 and hence a point C' behind
C is sampled. The time dif'ference between C and C' therefore constitutes
a scanning time error. These scanning time errors are cumulative and
become progressively worse,for subsequent inputs. The extent of these
errors will of course depend on the way the successive clock pericds are
varying and thus on how the 'beam' is swept over the sector. It is
desirable to sweep the 'beam' at a constant speed over the sector in
order to ease the display :and interpretation of bearing information on a
linear angular scale. For a constant apeed scan, the instantaneous
scanning clock period must vary linearly with time as shown in fig 2.2.
In Appendix I, it is showﬁ that with such a linear period-modulated clock,
the successive clock perijods form a geometrical progression with a common
ratic ¥ = 1+r, where r is the rate of change of clock period. The success~
ive clock periods in Fig;2.71 are thus related Ty = T4 vy , Tz = T1¥2,
Ty, = 7173, ete. I
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*¥It is to be appreciated that the radius of curvature of the curved wave-
front resulting from the scanning clock varies not only over the wavefrony
but also with the angle of incidence. —
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What are the factors that affect the scanning time errors? Firstly, if
the scanning rate is increased, the clock period has to be swept at a
faster rate and the successive clock periods are consequently much MORE

different from one ancther.

Hence, larger scanning errors ensue. Secondly,

it can be seen from Fig 2.1 that a larger array aperture size results in

not only more but also larger time errors.

Thirdly, and of crucial

significance, the scanning errors increase with the angle of incidence
since the larger the successive clock periods, the more different they are

from one another.

A quantitative analytical expression for the n th input

scanning time error can be derived in terms of these factors as follows:

ST.&. = (n-ﬂ‘[‘,,,‘{l\- I N \'&
h ; () ()
waere e = j1/(j-k) Iki

k

However, a more informative way of monitoring the effect of these scanning
errors in order to ascertain the limitation on maximum scanning rate in

specific cases is to actually compute

resulting distortions.

sonar frequency 500 KHz
unambiguous sector 30
5 dB beamwidth 1°

line array 32 elements
element spacing d=2A
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Fig 2.3 Setup for
Computer
Simulation

the beam pattern and observed the

The computer simulation results presented in this
paper are for the sonar specifications given in fig 2.3.

Using the TDI
by itself, only an off-boresight sector in a
quadrant can be scanned. In the computer simu-
lation setup, a Fixed Time Wedge of opposite sense
to the TDI is used to effectively deflect the on=
axis sector off the boresight, which can then be
gcanned by the TDI. In hardware terms, this Time
Wedge can be set of separate parallel CCD delay
lines of incrementally varying number of delay
stages, all driven with a common constant period
clock (T_).

The number of delay stages between adjacent inputs

of the TDI can be defined as the 'sampling factor

o' since it relates the actual clock period (which

is the reciprocal of the sampling frequency) with

the delay between inputs, i.e. T=0T.. The beam

patterns Graphs G1 to G11 are computed with a

sampling factor o=2 (vertical axis 0dB to -40dB,

horizontal axis -=17.32 to 14.59). The beam

distortions to be observed in these plots are

(a) the reduction in magnitude of the peak response

(b) the shift in position of the peak response from
the simulated target bearing

(c) the accentuated side-lobes and

(d) the non-zero nulls

From these computer simulation studies, it is

concluded that, due to gsevere beam distortions,

the maximum scanning rate for the sonar parameters

of fig 2.3 is limited to around 800 Hz. It is

to be noted that experimental results using a 15
input TDI device confirm this limitation. This

limit does not provide sufficient range resolution

for the particular sonar application. Since it

is desired to =scan at 8 kHz or so, an order of

magnitude improvement ismequired. IListed out below

are some of the appreoaches that have been attempted

in trying to increase the scanning rate:-

(a) Fixed Time Compensation

{b) Subscans Approach

(c) Non-lLinear Scanning

(d) Double Scanning

(e) Array Modification Approaches #nd

(£) Subarray Approach




T R S R N

- 64 -
Graphs Gl to G5 illustrate the deterioration in beam pattern quality as thas
scanning rate is incredsed 500 Hz L Kdz, 2 KHz, 4 KHz and 8 KHz
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Graphs G7 and G8& demonstrate the different extents of beam distortions
for different target bearings at the same scanning rate of 2 KHz
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Graphs G9 and G10 show the distorte& beam patterns at the extremities of

the sector when the boresight direction is fixed-time compensated.

The corresponding beam patterns without time compensation are shown dotted.

40

Because of space limitation, only fixed time compensation is briefly
described here. By introducing appropriate fixed compensating time delays
in the various channels before going into the TDI, the scanning time errors
for ONE direction can be eliminated, thus ensuring a good beam response

for that direction. However, if the boresight direction is thus compensated,
the beam patterns for the extremities of the sector remain unduly distorted.
It is to be noted that Graphs G9 and G10 are obtained using EXACT '
theoretically calculated compensating time.dealys which in practice nay

not be easy to realise exactly. This and the other approaches do not
provide the required improvement in the scanning rate.

IIT Novel Device Concept for'High Speed'scanning'l

Fig 3.1 shows plane waves impinging on a line array of equally spaced
transducers connected to the new device for which the number of delay
stages Xp from each input to the output is as yet unkown. It has already
been mentioned that linear period scanning clock operation is desirable,
but more significantly, it can be shown to be anecessary condition for the
evolution of a scanning device structure with common clocking. Congider
an instant t, in,scan when the instantaneous clock period is Tope - At this
instant, the device output is to represent a plane wavefront incident
at an angle O,. To ensure that the past input samples constituting. this
particular ougput sample all come from the particular wavefront, the number
of delay stages must be such that the cummlative delay over the past X, -
consecutive clock periods for each input is equal to the relevant delay
in water, i.e. for the particular Op and Top?

(electronic ‘time delay CD over X stages)=(water delay AB) for all n

For a general scanning law, the value of X; to satisfy this condition .
for each n will in general be different for different values of T, and .
80 -that a particular device structure can be configured for the :
particular value of 6, , but will be invalid for all other angles. How-

ever, for a linear scanning law, it is shown that is indeed indep-
endent of G, and Tepe Appendix I shows that the linear period law
results in ghe successive clock periods forming a geometrical progress-
ion with a common ratio y. Therefore, for the n th input,

Tcp v x_n 1
—}= (n'~ 1)oT

Solving for X , X = log[y/(y - r -1 a):flog(y)




- 66 -

That Xy is independent of the actual value of the instantaneous
lock period To, with which the analysis begins, is of crucial signif-
icance hecause 1t means that the samc values of X, are valid for ALL
values of T,, and OP, and hence throughout the scan. The quality of the
beam pattern should therefore be the same over the hole sector. This is
to be con trasted with the deteriorating beam quality towards ome edge
of the sector in the case of the existing device. X depends only on the
rate of change of clock period r. Using the sonar parameters in fig 2.3
and for a scanning rate of 8 kilz, the value of r is 0.0088. With this
value of r and a=2, the calculated values of Xn are tabulated in fig
5.2, which are in general not integers. Since in any hardware real-
ization of a practical device, only integral numbers of delay stages are
possible, X, can only be approximated. Fig 3.2 also shows X, corrected
to the nearest integer. The histograms of X, against n for the new device
and the existing device have been plotted for comparison. Clearly, the
fundamental difference is that with the new device, Xn is a non-linear
function of n so that the number of delay stages between adjacent inputs
depends on the positions of the respective inputs whereas in the exist~
ing device, all the adjacent inputs are separated by the same number of
delay stages. Because of this non-uniform structure, the new device
will henceforth be called the NUTDI*(for Non-Uniform TDI) to distinguish
it from the UTDI (Uniform TDI).
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Graph G11 shows the beam pattern obtained using the NUTDI structure
at 8 kHz scanning rate. Though much better than that ocbtained with the
UTDI (of Graph G5), it is still far from perfect and in particular, the
far-out side-lobes are high especially in that part of the sector corres-
ponding to large clock periods. The imperfections are due to what will
be called 'quantisation time errors' (QTE) incurred when X, are approx-
imated to the nearest integers. Though these QTE are fixed fractions
of the clock periods, their absolute magnitudes increase with larger clock
periods, thus giving rise to the distortions in the corresponding part
of the sector. In theory, the QTE can be reduced by using device struc-
tures based on larger values of the sampling factor w. This is because,
to achieve the same differential delays, a larger o means smaller clock
reriods and hence smaller QTE. However, difficulties encountered in high
frequency operation of a practical device (e.g. charge transfer efficiency
deterioration and variation with clock frequency) as well as peripheral
circuitry considerations limit the maximum realistic value of o to 2,
which is the value used in the simulation.

However, the present TDI input scheme can be modified to reduce the
QTE without requiring a larger value of o and thus without necessitating
any further increase in the high clock frequency of the device. For =
three phase CCD, three phase clocking (fig 3.3) is necessary to ensure an

- unidirectional transfer of charge. A set of three adjacent electrodes
constitutes a 'delay stage'. Presently, all the inputs are sampled simil-
taneously on a common phase (e.g. phase 1 in fig.3.4) so that the 4iff-
erential delay between adjacent inputs can only be an integral number of
phase clock periods. However, differential delsys which include fractions
(1/3 or 2/3) of a phase clock period can be effected by clocking each
input on an appropriately chosen phase. In device structure terms, this
involves introducing one or two additional electrodes at the appropriate
inputs as shown in fig 3.5. Graph G12 shows the improvement in beam

 quality resulting from this modification, which effectively allows the

values of X, to be approximated to the nearest one-third instead of to the

nearest integer and thereby reducing the QTE by a factor of 3. The delay

quantum is now the master clock period instead of the phase cloeck period.
Even with this modification, the beam pattern is still not ideal

because there remain QTE which are within = 1/6 of the clock period.

The remaining QTE for one direction can be eliminated by introducing:

residual fixed phase compensation in the various chamnels (fig 3.6).

Graph G13 shows the improvement in beam quality when the boresight direc-

tion is thus compensated. It is to be noted that the phase compensation

required are so small that they do not adversely affect the beam quality

for target bearings at the extremities of the sector (Graphs G414 and G15).

The uniform good quality of the beam pattern for all target bearings is a _

crucial advantage the NUTDI has over the UTDI.

The computer plots so far referred to are with uniform amplitude .
weighting., Graphs G16 and G17 show the effect of applying Dolphchebyschef
amplitude weightings calculated for a side-lobe level of -30 4B.
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An inherent feature of time delay beam scanning is the existence of
a ‘cross-over' time at the beginning of a scan. During this 'cross-over!
time, the output samples are not fully constituted from valid inputs
but are partly corrupted with inputs which are ‘cross-overs! from the
previous scan. The magnitude of the 'cross-over' time is equal to the
initial cummulative time that the first sample from the first input takes
to traverse the whole length of the device before emerging at the output
as a constituent of the first fully valid output sample in the present
scan. It is to minimize this 'cross-over' time that the linear period
clock is swept from small to large periods. The 'cross-~over' time can be
observed on the computer plots.
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IV. Conclusion o v

It has been demonstrated that for within-pulse sector scamning, .
existing TDI devices produce beam distortions which depend on sector size,
beamwidth and scanning rate. For the particular case of a 500 kHz sonar
with a 1 degree beam swept over a 30 degree sector, the maximum scanning
rate has been ascertained to be 800 Hz, at which the range resolution is
not sufficient. A new device (NUTDI) is described and shown to be capable
of scanning at 8 kHz for the afore-mentioned sonar application without
severe beam distortions. Tt is to be noted that this new device is only
a particular embodiment of a more general device concept which is applicable
not only to somar but also to time delay beam scamnning in general. The new
device is currently in the fabrication stage and experimental work is pro-
ceeding for its incorporation in a prototype scanning sonar system. Future
extension of this work to two dimensional scanning using either an orthogonal
Tx/Rx cross array or a full N X N matrix array is envisaged. The system
simplicity and compactness resulting from the use of both TDI and NUTDI
devices for the latter system may be over-riding considerations when comp-
ared with other approaches. '
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Graphs G18 and G19 show the beam patterns obtained using a device structure
with a sampling factor & of 8 ' for uniform and Dolphchebyschef amplitude
weightings respectively.
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Appendix I

Let the TDI clock period be swept linearly from s minimum value T to

a maximum value Tb in a time interval T . The rate of change r of cloZk
period is

r= or =
let v =1 +r.
If tk represents sempling instants in a scan, then
at the beginning of scan, to =0
After the first delay T1 = Ta

the next sampling instant t1 = 'l'a

i T. =7 =T
next incremental delay > at r¢a aY

.’ . next sampling inatant t

=t =T T
5 3#1 +.72 Ta + ay
. . 2-
=T =T T
next de}ay .Tj = 2.+ ;Ta _ TEY = &Y |
- « nhext sampling instant t3, t2 + 3
2
— T L
= Tﬂ +. ay + Tay'
By induction,
th k=1
the k  delay Tk = Tay
‘ k
th o ( -1) _T
and the k™ sampling instant tk = Ta (y <7 =_2 Yk -1)
At the end of a scan, tke =T 7
i T T
er By par-Tb-Ta Ta'p -
r T T or Ta

Solving for k ,

e .

log (IEJ
k = Ta

€ T e
log (v)

’ -
.". within a scan, k goes from 1, 2... to k; where ke is the largest integer

less than ke.




