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I n t r o d u c t i o n 
A Time-Delay-and-Integrate CCD (TDI) i s a m u l t i - i n p u t device which 

i n s e r t s time delays between a l l p a i r s of adjacent i n p u t s i g n a l s and p r o ­
g r e s s i v e l y sums them t o give a s i n g l e output. I f the i n p u t s are fed from a 
l i n e a r a r ray of e q u a l l y spaced transducers the TDI can thus provide a time 
delay taper which gives coherent summation o f the transducer outputs f o r a 
wavefront v/hich i s i n c i d e n t on the array at some angle 9p which i s other 
than 0°. The delays can be v a r i e d by a change i n the c l o c k i n g frequency 
and i n t h i s way the d i r e c t i o n o f the beam, 9 p, may be changed. I t w i l l be 
shown however t h a t beam d i s t o r t i o n s a r i s e w i t h a conventional TDI when the 
beam i s scanned at the h i g h speeds r e q u i r e d by a t y p i c a l v/ithin-pulse s ector 
scanning sonar. I t i s then shown t h a t a new CCD s t r u c t u r e named a non­
uniform TDI (or NUTDI) can avoid these beam d i s t o r t i o n s . I n t h i s way a new 
and inexpensive technique i s a v a i l a b l e f o r the beam scanning s i g n a l 
processor r e q u i r e d f o r a w i t h i n - p u l s e sector scanning sonar. 

Conventional TDI Scanning Beam D i s t o r t i o n s 
F i g . 1 i s a schematic o f a conventional TDI. I t contains an equal 

number of delay stages, o/, between adjacent i n p u t s and the a c t u a l delay 
between i n p u t s , T p, i s the product of a and the c l o c k p e r i o d T. F i g . 2 
shows how the device gives cophasal summation f o r a wavefront i n c i d e n t on an 
array at an angle 0 p i f the time delay between the elements i n the water, 
Tto, equals the time delay i " p between the TDI i n p u t s . 

A beam i s thus formed and, by v a r y i n g the c l o c k frequency, the value of 
Gp w i l l change and the beam i s scanned. However a problem occurs when the 
beam i s scanned at the very f a s t r a t e of one sector per pulse d u r a t i o n . I t 
now becomes necessary f o r the c l o c k periods t o change s i g n i f i c a n t l y from one 
p e r i o d t o the next. When t h i s happens, d i f f e r e n t time delays T^, T 2,

 T3_etc 
are i n t r o d u c e d between the v a r i o u s p a i r s of adjacent taps as shown i n Fig.3-
?he e f f e c t i s t h a t cophasal summation occurs f o r an i n c i d e n t wavefront which 
i s curved r a t h e r than l i n e a r . The d i f f e r e n c e s i n time betv/een the curved 
wavefront and the l i n e a r wavefront are p r o p o r t i o n a l t o the distances BB 1,CC, 
DD' , EE1 etc as shown i n F i g . 3 and v / i l l be r e f e r r e d t o as scanning time 
e r r o r s . 

I n order t o ease the i n t e r p r e t a t i o n of the f i n a l display 1, i t i s d e s i r a b l e 
t h a t the beam should scan at a constant speed across the sector and i t f o l l o w s 
t h a t the clock p e r i o d should change l i n e a r l y w i t h time ( F i g . k) i . e . T=T^+ot 
when r i s a constant. For t h i s law the scanning time e r r o r s are analysed i n 
d e t a i l i n Ref. 2. 

A very i n f o r m a t i v e way o f m o n i t o r i n g the scanning time e r r o r s i s t o 
d i s p l a y the r e s u l t i n g d i s t o r t i o n s when the scanning beam p a t t e r n i s computed. 
The computer p l o t s presented i n t h i s paper are f o r the f o l l o w i n g sonar 
s p e c i f i c a t i o n s : - 32 channel 500 KHz sonar v/ith a 1° beam swept over a J0° 
sec t o r . To scan over a sector centred on the b o r e s i g h t , the TDI i s preceded 
by an o p p o s i t e l y - o r i e n t e d Time Wedge Device ( F i g . 5) which i s a set of 
p a r a l l e l s e r i a l - i n / s e r i a l - o u t CCD delay l i n e s v/ith an i n c r e m e n t a l l y v a r y i n g 
number of delay stages and clocked at a constant p e r i o d t o provide a f i x e d 
e l e c t r o n i c p r e - d e f l e c t i o n . Other s i m u l a t i o n parameters are given i n F i g . 5. 
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The beam d i s t o r t i o n s observed are (a) a reduced and s h i f t e d peak response, 
(b) h i g h side-lobes and ( c ) poor n u l l s . I n F i g . 6 graphs G1, G2 and G3 
demonstrate the e f f e c t of i n c r e a s i n g scanning r a t e . The d i f f e r e n t extents 
of beam d i s t o r t i o n s f o r d i f f e r e n t t a r g e t bearings are shown by G2 and G*f. 
From such s i m u l a t i o n s t u d i e s , i t can be concluded t h a t severe beam 
d i s t o r t i o n s l i m i t the maximum scanning r a t e t o around 800 Hz, v/hich has also 
been confirmed e x p e r i m e n t a l l y . This f a l l s f a r short of the o b j e c t i v e o f 8 
kHz p r e s e n t l y employed i n t y p i c a l h i g h r e s o l u t i o n w i t h i n - p u l s e sector scann­
i n g sonars u s i n g c o n v e n t i o n a l scanning techniques 

Fast Scanning w i t h NUTDI Device 
A conventional TDI i s f a b r i c a t e d w i t h an equal number o f delay stages 

betv/een neighbouring i n p u t s and v/ith a l l the i n p u t s sampled simultaneously 
on the same phase. For a 3 phase CCD, every delay stage c o n s i s t s o f t h r e e 
el e c t r o d e s each clocked on a d i f f e r e n t phase. The key f e a t u r e s o f the new 
device s t r u c t u r e are as f o l l o w s 

a) t o have a non-uniform v a r i a t i o n i n the number o f delay stages 
between adjacent i n p u t s 

b) t o permit f r a c t i o n a l numbers o f delay stages between adjacent 
i n p u t s by e x p l o i t i n g the 3 phase c l o c k i n g and e n t e r i n g the 
device on d i f f e r e n t phase electrodes when advantageous. 

The non-uniform v a r i a t i o n i n the number o f delay stages betv/een adjacent 
i n p u t s e f f e c t i v e l y compensates f o r the scanning time e r r o r s imposed by the 
r a p i d l y changing p e r i o d . To a good approximation the scanning time e r r o r s 
are c a n c e l l e d and cophasal summation occurs f o r a phase i n c i d e n t wavefront 
i n s p i t e of the high scanning r a t e . 

The new device i s known as a non-uniform TDI or NUTDI. Other approaches 
f o r overcoming the beam d i s t o r t i o n s present v/ith a conventional TDI have been 
i n v e s t i g a t e d but they have not proved s u c c e s s f u l . 

I t i s p o s s i b l e t o c a l c u l a t e the number o f delay stages, X n, from the 
n t h i n p u t tap t o the device output which gives p e r f e c t c o r r e c t i o n o f the 
scanning time e r r o r s . I n general t h i s number w i l l not be an i n t e g e r . 
Analysis shows the number t o be given by the formula 

r Y l 
l o g Y - a x ( n - l ) J 

log S Y 

v/here a i s now the minimum number of delay stages betv/een any two taps. This 
r e s u l t i s v a l i d o n ly f o r a l i n e a r p e r i o d c l o c k . I t w i l l be noted t h a t the 
values o f X n are independent o f the scan angle Gp. This f a c t i s of consider­
able importance as i t s i g n i f i e s t h a t the new device c o r r e c t s the beam d i s t o r ­
t i o n s at a l l angles throughout the scanned s e c t o r . This important f e a t u r e 
occurs only v/ith a l i n e a r p e r i o d c l o c k . 

Using the s i m u l a t i o n parameters given i n F i g . 3, F i g . 7 shows the values 
of f o r t h r e e cases- a u n i f o r m TDI, an i d e a l NUTDI as p r e d i c t e d from Eq. 2, 
and a NUTDI i n v/hich X n has been approximated t o the nearest i n t e g e r . I f i t 
i s chosen t o e x p l o i t the o p t i o n o f e n t e r i n g the device on any one of t h r e e 
phases, the value o f X n may be approximated t o the nearest one t h i r d and t h i s 
gives r i s e t o a f o u r t h set o f values as shown, 

Computed beam p a t t e r n s are shown i n Fig.6. Graph G5 a p p l i e s when X i s 
approximated t o the nearest i n t e g e r and i s f o r 9 = 0 ° and 8 kHz scanning r a t e . 
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The r e l a t i v e l y l a r g e side lobes are caused by q u a n t i z a t i o n time e r r o r s due 
t o approximating X n t o the nearest i n t e g e r . Since the q u a n t i z a t i o n e r r o r s 
are p r o p o r t i o n a l t o the instantaneous c l o c k p e r i o d , the beam p a t t e r n d e t e r i o r ­
ates towards t h a t p a r t of the s e c t o r corresponding t o the l a r g e c l o c k p e r i o d s . 
Graph G6 shows the improvement obtained when X^ i s approximated t o the near­
est 1/3. A s t i l l f u r t h e r improvement i s shown i n graphs G7 and G8 which 
apply t o 0 = 0° and 9 = 10° r e s p e c t i v e l y . I n these, r e s i d u a l q u a n t i z a t i o n 
time e r r o r s are removed by i n t r o d u c i n g small f i x e d compensating phase s h i f t s 
on the 32 i n p u t s . Because the a n a l y s i s shows the exact value of X n t o be 
independent o f 9p the q u a l i t y o f the beam p a t t e r n remains the same f o r a l l 
t a r g e t bearings. The e f f e c t o f a p p l y i n g Dolph-Chebyshev amplitude shading 
t o the i n p u t s i s shown i n F i g . 8. 

At the s t a r t of each scan, a number of c l o c k periods equal t o the t o t a l 
number of delay stages i n the device must elapse before the f i r s t sample 
from the f i r s t i n p u t emerges at the output. During t h i s 'build-up' time, the 
output samples are not f u l l y c o n s t i t u t e d from v a l i d i n p u t s , a f r a c t i o n of 
v/hich are from the previous scan. The 'build-up' time can be observed on the 
computer p l o t s and i s an i n h e r e n t f e a t u r e o f time delay scanning. 

Device F a b r i c a t i o n and Performance 
Both the NUTDI ( F i g . 9) and the Time Wedge device ( F i g . 10) are f a b r i c ­

ated using t h r e e phase p o l y s i l i c o n n-channel technology. Phase-referred 
" f i l l - a n d - s p i l l " inputs3 are used i n both devices. Charge d e t e c t i o n i s by 
means o f a f l o a t i n g d i f f u s i o n w i t h reset and output b u f f e r t r a n s i s t o r s as 
w e l l as on-chip sarnple-and-hold gates. The NUTDI has 32 i n p u t taps v/hich are 
non-uniformly d i s t r i b u t e d as d e t a i l e d i n F i g . 7. The use of phase-referred 
i n p u t s enables any one of the t h r e e c l o c k phases t o sample each i n p u t tap and 
thus provides a convenient means of o b t a i n i n g " f r a c t i o n a l delays". I t i s 
designed f o r a through gain of 2 ( i . e . 1 v o l t i n p u t s i g n a l s on a l l i n p u t s 
give 2 v o l t s output swing) and a maximum c l o c k frequency o f 5 MHz. P r e l i m i n a r y 
r e s u l t s u sing a l i n e a r p e r i o d c l o c k sweeping from 0.2us t o 1-3VS i n a scan 
p e r i o d o f 123VLS demonstrate f a s t scanning without any undue beam d i s t o r t i o n s . 
The Time Wedge device c o n s i s t s of 32 separate s e r i a l - i n / s e r i a l - o u t delay l i n e s 
f a b r i c a t e d on the same chip and w i t h a common c l o c k d r i v e . The number o f 
delay stages i n the p a r a l l e l delay l i n e s v a r i e s from 2 t o 6*f i n u n i f o r m 
increments o f two. The Wedge has performance c h a r a c t e r i s t i c s s i m i l a r t o the 
NUTDI. 

Conclusion 
I t has been demonstrated t h a t though c o n v e n t i o n a l TDI devices can be 

used f o r beamforming purposes, they are not s u i t a b l e f o r f a s t beam scanning 
a p p l i c a t i o n s . A new non-uniform TDI (NUTDI) device s t r u c t u r e , s p e c i a l l y 
c o n f i g u r e d f o r f a s t scanning, i s described. Work i s c u r r e n t l y proceeding t o 
i n c o r p o r a t e the NUTDI and the Time Wedge device i n a p r o t o t y p e w i t h i n - p u l s e 
sector scanning sonar. I t i s envisaged t h a t the present v/ork w i l l be extended 
t o two-dimensional scanning u s i n g an NxN transducer m a t r i x array where the 
s i g n i f i c a n t system s i m p l i c i t y and compactness r e s u l t i n g from the use o f such 
devices w i l l be p a r t i c u l a r l y advantageous. 
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t __ 01, 02, G3 : Ef f e c t of increasing scanning rate i 500 Hz, 2 KHz, 8 KHz 
'L)I G2, 04 i D i f f e r e n t extents of d i s t o r t i o n s f o r d i f f e r e n t target bearings 

G5 to G8 i NUTDI at a scanning rate of 8 KHz 
X NUTDI G5 '• common input phase G6 : i n d i v i d u a l input phase 
* 07 t vdth phase compensation Q-0 G8 : target bea.rinfl at & 10° 

F i g . 6 computer s i m u l a t i o n r e s u l t s 
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