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RESUME

Pour le traitement du signal, des lignes de transmission
couplées sont trés interessantes & double ggard: premiére-
ment, comme circuit directe de transmission des impul-~
sions, od des perturbations des impulsions par le cou=

Y

plage mutuel sont & eviter autant que possible, et,

deuxiémement, comme transformateur ou formateur des impul-

sions, od la transmission des impulsions d'une ligne &
l'autre par le ccuplage est justement desirée, Cette
publication démontre que, dans la premiére sphére d'appli-
cation, un propre alignement de la fréquence de répéti-
tion des impulsions au temps de propagaticn entraine une
transmission des impulsions non perturbée le long d'une
ligne malgrg du couplage ave¢ l'autre ligne, guand méme
les impédances terminales sont choisies arbitrairement.
Dans le deuxiéme cas, il est déduit que l'octopdle des
lignes couplées rend rossible la transmission des impul-
sions non perturbées, et sans composante de courant con-
tinu, d'une ligne & l'autre ligne couplée, si l'on
raspecte des conditions propres pour la fréquence de
répétition des impulsions ou pour les impédances termi-~
nales. En outre, l'octopdle des lignes couplées réalise
des conformations &'impulsion desirées quant & la fré-
quence de répétition et la forme d'onde d'impulsion:
augmentation de la fréquence de répétition, et/ou modi-
fication de la durée d'impulsion, génération des impul-
sions en gradins, quasi triangulaires et quasi trapézo-
idales. Les résultats théoriques sont vérifiés avec

deux microbandes couplées le lcng du cdté plat des
lignes, presentant un temps de propagation de 21 ns,
ou 5 ns, et un coefficient de couplage de 0.55.

SUMMARY

For signal processing, coupled transmission lines are of
twofold interest: firstly, as direct pulse transmitting
circuits, where undistorted pulse transmission along

each line, in spite of mutual coupling, is desired, and,

secondly, as pulse transformer and pulse shaping anit,
whereby prescribed pulse transmission from one line to
the coupled other line is aspired. The paper shows that,
for the first application case, suitable line delay time
to pulse repetition rate matching leads to undisturbed
pulse transmission along each single line, even for
close mutual coupling and for arbitrary terminating . im-
pedances. For the second case, it is demonstrated that
the coupled line four-port emables dc-isolated and un-
distorted pulse transmission from one line to the coupl-~
ed other one, if appropriate line delay time or termi-
nating impedance matching conditions are hold. Further,
the coupled line four-port enables desired shaping of
pulses concerning repetition rate and impulse shape:
increase of pulse repetition rate, and/or change of pul-
se duration, generation of staircase, quasi-triangular,
and trapezoidal pulses. Theoretical results are verified
at two broadside coupled strip line prototypes of 21 ns,
and 5 ns line delay time, respectively, with a coupling
factor of 0.55.
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1. INTRODUCTION

The investigation of pulse transmission along mutually
coupled lines (Fig. 1) includes several technical aspects.
The objective e.g. for high~speed digital systems, where
commonly several lines are packed closely together, is
to avoid pulse distortion along the signal lines 1-C,
2-0 (Fig. 1), caused by mutual coupling effects [1]-[3].
Hitherto known investigations show [1]1-[4] that this is
possible by matching of the terminating impedances, 2
through Z..,. The disadvantage of this type of matchin
is, howevér, that a pulse signal is still transmitted

to the near-end output-port of the adjacent line as has
been shown in [4]. Further, the necessary terminating
impedance values are limited to within a small range,
which causes problems for many applications. This paper
demonstrates that a suitable line delay time matching to
the pulse repetition rate leads to undistorted pulse
transmission along each single line, whereby the termi-
nating impedance can be arbitrarily chosen, and no pul-
se crosstalk to the coupled other line exists.

Zn il ZL Zm
b 0
0 ,
: K < G2
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ZL = 1

2 T G = Go
0

Fig. 1

Broadside coupled strip lines

a Cross section

b Coupled transmission line four port
k = coupling factor, Z., = characteristic im-~
pedance L

capacitance coefficients per unit

For pulse techniques, e.g. in pulse generators cr ampli=-
fiers, dec~isolating broad-band pulse transformers are
required. As has already been investigated in literature
[41-{7]1, an alternately shorted coupled line four-gort
is a very attractive pulse transformer because of its
broad-band operation. This paper shows that a variety

of terminating conditions yields,by choice, undistortad
pulse transmission to port III (cf. Fig. 1b) or {delay-
ed by line delay time) to port IV. Moreover, also suit-
able line delay time matching leads to undistorted pul-
se transformation without limiting termination condi-
tions.

Further, this paper demonstrates that by a coupled-line
four-port pulses may be shaped with regard to repetition
rate or impulse shape. The corresponding equations for
the pulse repetition rate and terminating impedances

are given for the following cases: i) Pulse repetition
rate multiplication without variation of the pulse shape,
2) change of the pulse duration, 3) pulse repetition
rate multiplication with simultaneous change of pulse
duration, 4) staircase pulses, and 5) pulses with qua-
si-triangular and quasi-trapezoidal shape.

For experimental investigations, broadside coupled strip
lines (Fig. 1) are very appropriate, because relatively
high coupling factors can easily be achieved. It will

be shown that measurements are in close accordance

with the calculations.

2. COUPLED STRIP LINES

The electromagnetic coupled line four-port (Fig. 1) is
calculated by its (A)-matrix [3], [4]
Ur Urr
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cos? 0 J E; siné sk F; sind
Z, Z,
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- siné j siné a casé
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where N
¥ = nwo TL'
n = number of Fourier coefficient,
Wy = 53— pulse repetition frequency,
]
TL = 1/v = line delay time,
1 = geometrical line length,
v = c/Xu“er = transmission line velocity,
c = 1/\uoen = free space propagation velocity
Cpmy @ relative dielectric constant, and permit-
tivity,
k= 1 - X2,

kX = coupling factor {(cf. Figs.
%, =
L

1,2),
characteristic impedance (cf. Figs. 1,2).

Since for coupled TEM wave transmission lines the rela-
ticn

(L) (') = 2 (B) 3

holds [3],F4], where (L'), and (C'), are the matrices
of the coupled line inductances, and capacitances, per
unit length, respectively, the coupling factor k and
the characteristic impedance %. may be determined from
the line capacitances per leng%h (cf£. Fig. 1) .directly.
Therefore, known methods for capacitance coefficient
calculations, like e.g. the moment method [71,[8], can
be applied. Fig. 2 shows calculated results for the
coupled strip line prototype (Fig. 1) chosen for the
experimental investigations in this paper. Commercially
available copper-clad Polyguide (Polyolefin Laminate,
e 2.32) with substrate. thicknesses of 1/16"

(= 1.587 mm), and 1/32" (= 0.793 mm), is used for strip
line material. The copper-clad thickness is 35 pm.

25 w/mm —= 30

Fig. 2

Transmission line parameters calculated with the

moment method

a Characteristic impedance 2%
symmetric strip line

b Characteristic impedance Z_ and coupling fac-
tor k of the coupled strip“line
(copper-clad Polyguide €p= 2.32)

L of the single un~
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Fig. 2

The output signal u,{t) at the port i (Fig. 1b) for a
given input signal (t) is calculated using the Fast
Fourier Transform al8orithm. The voltage transmission
coefficient éol between the inner generator port O and
the port i is ~“calculated from the A-matrix (2) together
with the terminating impedances and phase relations
chosen. For the measurements at the coupled strip lines
a digital pulse generator hp 8082 and a sampling oscil-
loscope hp 180 D (with 1811 A, 1430 C) are used.

3. UNDISTORTED PULSE TRANSMISSICN

For direct pulse transmitting circuits no pulse distor-
‘ion along the coupled lines from port I to port II
(Fig. 3a) is desired. Por arbitrary coupling factors
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Undistorted pulse transmission from port I to

port II by matching of the pulse period To te

:he line delay time T

a Arrangement of the“ports N

b Theoretical results

¢ Measured input-pulse and cutput-pulse at
port II

and terminating impedances this is achieved by suitably
matching the line delay time TL to the pulse period To:

L

To P=1,2,3,... .

(8] e

(4)

The voltage transmission coefficient A is calculated

using (4) in equation (2) oI1

N - ST
0II T T +Z.. °
T (s)
TL
I & = = = . — =
with 8 wTL n o, TL ne2m To npn

The output pulse u I(t) (Figs. 3b,c) is undistorted,
merely decreased b§ 2../(2_+Z2__) and delayed by TL'
measured pulse shows 580& Eccgidance with theory.
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Fig. &
Pulse transformer
dc-isolated, undistorted pulse transmission to
ports III, or IV, respectively, matching of the
pulse period T, to the line delay time T
a Arrangement of the ports L
b Theoretical results

4. PULSE TRANSFORMER

A pulse transformer enables dc~isolated and undistorted
pulse transmission. This is achieved by a coupled-line
four-port (Fig. 4), where suitable choice of pulse period
T_ oxr terminating impedances leads to undistorted pulse
t¥ansmission with or without phase inversion. At output-
port III the pulse is not delayed,at port IV the delay

is TL (line delay time)}.

4.1 Matching of the pulse period

All pulses symmetrical to To/4 (Fig. 4b), with only odd
Fourier coefficients (2n=-1); may be transmitted without
distorticn to ports III, or IV, respectively, if the re-

lation line delay time T. to pulse period T_ is chosen
L o
to be .
TL i 2p-1
ey (6)
[¢] p=1,2,3,...
Ty,
= 4 = -1). T o= - =
with ¢ W TL {2n-1) wo T, {2n=-1) 27 TQ
= (2n=-1) (2p=1) w/2

and equation (2) the voltage transmission coefficients
AOII' and 2 , to port IXII and IV, respectively are

01V
found to be
-3 5
z + b
Porrz(®) = zIfk_(Zlﬁ—-zw), Ay (®) = ——'*—kozwi‘l : + &7
I 183 = 233, o1V Z324 " 142,
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with the abbreviations

Z_% Z_2
1711 I

z = Z + —_—, VA = k(z - )

1 L Z, 3 7,
2.3 2_.2

g, =g + EILIV o 11,

2 L 7 4 Z,

By suitable choice of the terminating impedances the
output-pulse may be inverted, if desired. Fig. 4 shows
the arrangement of the ports and the theoretical pulse
shapes. The measured pulse at port III, for example,
confirms the theoretical investigations.
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Fig.&4 o
¢ Measured input~pulse and output-pulse at
port III

4.2 Matching of the terminating impedances

For undistorted transmission to port III the terminating
impedances have to be chosen

sz ZLz

< e < L ke

Iy Iy o3 Z11 Z;
sz
- = e
St >ZL' 2y iy

With equation (2) the voltage transmission coefficient

AOIII to port III is then
Porzz ™ * (8)
if sin ¢ # 0, i.e. ¢ # (p~1)" , »=1,2,3... ; this is

warranted for irrational ratios T /TO. The output-pulse
at pcrt IIT is the undistorted inBut—pulse multiplied
with k (without dc-portion).

Undistorted and delayed pulse transmission to port IV is
achieved by the following two conditions 1) or 2) for
the terminating impedances:

2
<< = > g =
1) BpSSBpe Bpp o= 2p ke DogptT I By = 2B
or
< < = = .
2) ZI < ZL' ZII < ZL and ZIII kOZL or ZIV ko ZL

The corresponding transmission coefficients are given by

-j§

1 Ay~ ke S (9
2) Ay = S (10
v P11 kZy, . Zrix ’
(1+—"=) cosé +j (=2 + —=z=2—) sin ?

z 7 3
v Iv oL

if sin & # 0.

The output-pulse at port IV is the undistorted input-
pulse 1) multiplied with k, or 2) multiplied with e.qg.
-k/(1+k°ZL/ZIV), and delayed by TL'

5. PULSE SHAPING

With the four-port of coupled lines, pulses may be shap-
ed with regard to impulse shape and repetition rate.
This is achieved by a suitable choice of the ratio line
delay time to pulse periocd together with appropriate
terminating impedances, which yields the necessary fre-
quency behaviour of the corresponding transmission coef-
ficient.

5.1 Pulse repetition rate multiplication without
variation of the impulse shape

By suitable frequency behaviour of the transmisgsion co-
efficient A, only the parts p-no_ (p = 1,2,3,...) of a
pulse spectrum /C_/, are transmigted; the result is a
pulse u (t) with ﬁnpulse repetition rate p times as
large. outThe principle of this pulse shaping is illus-
trated in Fig. S5, special cases are investigated in
chapters 5.1.1 and 5.1,.2.

u
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uglh) o=V
a 0 T f— 27,
T
ITOU(‘~\]_\\ W= 21T,
0 L1 12
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0 ' _éit_ 12x
b T MW - To
a &
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1Al
0 ﬂ. 2
C L, w . 4T
Tyar~-
1 DAL DR
0 -
TA
,Cnlouf ﬂ 12710
d To Ny —_— To
N T
0 T N 2%

€ Fig. 5

Tilustration of pulse repetition rate multipli-
cation by suitable frequency behaviour of the
transmission coefficient A

Input-~pulse

Spectrum of the input-pulse

Transmission coefficient

Spectrum of the cutput-pulse

Output~pulse

2 —[cH—

M [%m ugﬁl mn

[N oI o I « i)

—

=T ~yz—
< o— double repe-
o— / \ titicn rate
Zm= = ZK= 0

7y = 2= 502
i =

Ly =0

IL =3 N8

k =055

8 ns

Fig. 6 o

Pulse repetition rate doubling at port II

a Arrangement of the ports

b Measured input- and output-pulse (theory cf,
Fig. 5)
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5.1.1 Pulse repetition rate doubling at port Il

With the following terminating impedances

= OO

Z, =2 = 2., 2 v

T =% =2y =0, 2

III
or

=00 =2 Q

2, =3 = 2., 2 v

%% ™% &

III

the transmission coefficient to port II is zero for
§ = (2p-1)+ 7/2 (p= 1,2,3,...). If the line delay time
to pulse period is chosen to bhe

odd Fourier coefficients of the input-pulse are not
transmitted (cf. Fig. 5). Fig. 6 shows the measured re-
sult which verify the theory illustrated in Fig. S.

5.1.2 Pulse repetition rate multiplication at port IV

Pulses with multiple repetition rate of the input pulse
may be generated by the choice

<< .
zI and Zn<< ZL, ZIII and ZIV zL

The transmission coefficient AOIV to port IV is themn

AOIVNQ' k, o<1 for ¢ = mm,
AOIV = 0 else

m = ...,~3,-2,"1 0,1 12:3,...

If the relation line delay time TL to pulse period To

T P
TQ =2 (1
L

p=1,2,3,.004 1= 1,2,3,c00,

holds, where p/i includes no common divisor, only the
Fourier coefficients n = + p, *+ 2p, * 3p, ... are trams-
mitted. This is an ocutput-pulse of p-fold repetition
rate. Fig. 7 shows the pulse repetition rate trebling
for example.

| gt
N
Xk . [ output
Ao Lot
el iZe lﬁHﬂj
U3
triple repetition
a rate and
alternation of
polarity
4
¢ To b= 2%
0 T P 2T
1. [
| 000000
b

Fig.7

Pulse repetition rate’ trebling at port IV
a Arrangement of the ports

b Theoretical results

¢ Measured input- and output-pulse

! } ! ZI =29
o2y 4 £ = Iy =0
uo(f) div T R Zﬂ[ =0
_L : ) ] ZN = 1.5Q
T 0.02y "‘\./( VY SIAY4 T =2ns
iv : r ' } -
ug(t) T 7 e k =0.5
. | f —
C Flg 7 20ns
div

5.2 Change of pulse duration
By suitable choice of the pulse duration 7 to line de-
lay time T. xratio 7 /T, together with appropriate condi-

tions for I"t:he termin&ting impedances, the pulse dura-
tion T of the ocutput-pulse may be in- or decreased.

5.2.1 Double pulse duration at port |l
The terminating impedances are chosen to be
and ZIV>> zL;

the transmission coefficient to port III AOIII is then
given by

- X
Aprzz = 3 (e )

if sin ¢ # 0. For adjustment of the pulse duration of
the input=-pulse to the line delay time according to

2; = zL/kb’ ZII>> 2 Z

L’ “111

-32¢

at port III an output-pulse with the double pulse dura-
tion is generated. Fig, 8 shows the theoretical and
measured results.

input | & F T Y

B
° \X/ .
oufpuf} K &
7N
J7E (] Juan
a double puise o
duretion
b — %—:2
I I L
uif}
W2 Ot — T,
b B I I L
Wt — T
T i [ =802
0.5V + , : 7 I I =
U t)  div T T L r—r =" I = 10ka
’ i Iy sw
T 0.2V _L \ : | L =21ns
div . &-q-:!ﬁ!! "
ug(f) T N k =0.5
~ - —
c 20 ns
div

Double pulse duration at port III

a Arrangement of the ports

b Theoretical results

¢ Measured input-~ and output-pulse
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5.2.2 Half pulse duration at port IV
With

2. and ZI

1 <<2Z.,, Z

<< >>7
I L I 2

IIT L’ “1v L
and the condition

T = 4 P

T
the output-pulse at port IV is a pulse group of p pulses
per period with pulse duration 7, =7 /2p each and inver-
se sign. Fig. 9 shows the pulse "duration bisecting at
port IV for example.

N —"

T Ol
e Nz
X k& o | oufput
7N\
u:z(ﬂl ! 2
A o  hali puise
duration
a
T .y
e —_— . Sl
I et
Wit
b %
im i .
T2t
U b— — - —
! 4 N ] u=s
0.4V K ; Z]] =0
u,(t) div . : .
° T ] ; 1 ! i =
_L i ZW = 10k
? 0.5¢v ! AT T =20
div 5 5 :
w1 i ]« -0
|| f
|
"4 ~ R
c 20 ns
div
Fig.9

Half pulse duration at port IV

a Arrangement of the ports

b Theoretical results

¢ Measured input- and output-pulse

5.3 Pulse repetition rate multiplication with
simultaneous change of pulse duration

For pulse shaping case 5.1 (repetition rate multiplica-
tion) the input- and ocutput-pulses only hold the same
pulse duration if pT < T_.. Otherwise the pulses over-
lap to the new pulse duragion
T
Q T T
Ty 2= [ p 4 - entire (p —)]
1 1) TO TO '
where “entire"” means the highest whole number of the de-
cimal fraction (p-T /'1‘0) (e.g. entire 3.9 is 3).

Purther, for the conditions

>>2

2z andzI v L

<<
T 2,0 3

<<ZL, Z

I III

or

2. << 2.,2..>>2., &

<<
I v’ %11 L and Z;,<< 2

III L

and

T

Q T

7 = 4 p, with 54— = 2(2g-1),
TL TL

P=1,2,3,... q=1,2,3,...

at port III an output-pulse is obtained with p=fold re-
petition rate and the pulse duration
T ® 2T

Fig. 10 shows for example the pulse repetition rate
quadruplication with simultaneous tripartition of pulse
duration at port III.

AT l%m
output

-3

JUut

fourfold repeti-
tion rate and
third part of
pulse duration

oL

X

—
/s

A=\

Ualh)

a

13 b 2%

5 3 7

b to——
o | [ Iy =4.59
T 0.8 v-i~ L | P I
R I I =
Uo(” div T — ; i - ; Zm 220
| .
R T O .
div L ¥
ug(h) IREEEEEEEEN k =03
-~ ,"‘ t —
C 50 ns
div
Fig. 10

Pulse repetition rate quadruplication with si-
multaneous tripartition of pulse duration at
port III

a Arrangement of the ports

b Theoretical results

¢ Measured input- and output-pulse
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5.4 Staircase pulses

Change of pulse duration (chapter 5.2) but with rational
pulse duty factor ‘r/'I.‘° {instead of an irrational factor,
chapter 5.2) leads to staircase pulses. Further, for

>> 2

2,2 , 2. <KZ, 2

I L II L IIT L’ 2 v L

staircase pulses at port III may be generated. Fig. 11
shows the measured staircase pulse at port III, for
example.

e Y el

>> 7

PJﬂ

AN
7

output

it

‘ ug(ﬂ

J

a staircase o
pulse
Z] = 50@
T(t) 2oﬁmv’L Iy =0
u =
o div T Iy =
Z]Y = 159
T 100Y T, =5ns
uh T k =0.5

Fig. 11

Staircase pulse

a Arrangement of the ports

b Measured input-pulse and output~pulse at
port III

5.5 Pulses with quasi-triangular and -trapezoidal shape

By suitable choice of the line delay time to pulse pe-~
riod ratio (e.g. TL/TO = 1/6) and of the terminating

<<
impedances (e.g. ZI ZL' ZII<< ZL’ ZIII<< ZL' ZIV>>ZL)

pulses with quasi-triangular and quasi-trapezoidal shape
may be generated. The sides of the pulse are multi-step
staircases. Fig. 12 shows a measured quasi-triangular
pulse at port IV.

linpuf 4
] |
o N7
X
1 Um(ﬂ lZm \/\/
{gu_usi—l
a rr

Fig. 12

Zl = 1.9Q

Zﬂ =0

Zm =0

ZW = 100 ke
T =5ns

k =0.55

{
—
ns

|
8 ns
div

Fig. 12

Quasi-trianqular pulse

3 Arrangement of the ports

b Measured input-pulse and output-pulse at
port IV
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