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ABSTRACT 
This paper presents a new method which is used t o  
measure time delay accurately by using a Type 9OO-LB 
Slotted Line. The accuracy f o r  calibrating time delay 
of a precision coaxial air line Type 900-L is about 
5(0.4-0.6)ps, and f o r  coaxial cables-with VSWR less 
than 1.5 and time delay t less than 50ns is about 

Theoretical analysis and mathematical derivation of 
microwave networks in cascade are given in this paper. 
Methods to eliminate the errors which are caused by 
the discontinuities and the error analysis of the 
measuring system are presented. 
In the last part of this paper, skin effect analysis 
of the transient characteristic of coaxial transmission 

*( 3-5 J ps,. 

line are d'iscussed in detail. Methods to eliminate the 
errors which are resulted from using the calibrated 
time delay standard to calibrate time interval IiTea- 
surement instruments are presented. The estimation of 
errors and formulae f o r  correction of those errors are 
described. 

1 INTRODUCTION 
Owing to the rapid growth of the requirement of measuring 

time delay accurately nowadays, a lot of commercial precision 
electronic instruments such as time delay generators with an 
accuracy ?Ins, electronic counters f o r  time interval measurement 
with an accuracy of' &lOOps, and coaxial time deRay standard with 
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een develope 
a1 of period e is no dif- 

requency  with^ the accuracy of &I X it is 
possible to measure the time delay of a coaxial transmission line 
accurately by means of frequency domain measurement method. By 
using the method described in this paper a coaxial cable with VSWR 
leas than 1.5 and tiroe delay t l o s s  than 503s has been measured. 
Tlis sca-aracy of measuring the time delay of that cable is about 
t(3-5)ps.Skin effect analysis of the transient characteristic of 
coaxial transmission line have been discussed in detail, The 
effect of the inductive component and resistive component of the 
coaxial line on pulse transient characteristic have been analyzed 
and estimatedalso.This paper indicates how to correct the 
error which is caused by skin effect, in this consequence measur- 
ing and transfer accuracy has been increased. 
When the calibrated time delay standard is used to calibrate a 
precision time measurement counter, the total calibration uncer- 
tainty is about &IOpxs. 

I1 Principle and Method of Measurement 

2.1 The principle of measurement is based on the method of measur- 
ing the displacement ofthe minimumof the standing wave pattern as 
shown in Fig.1 
When the device under test (DUT) is disconnected and connected 
between the Slotted Line and Short, the displacement of the mini- 
mum ofthe standingwave pattern is Ad. The time delay t of the 
device under test at measuring frequency is known as 

ni, od t = , f - c  
Where c is the velocity of the electromagnetic wave and n is any 
positive integer. 

2,2 Method of lvieasurement 

There are two methods to measure the time delay of coaxial trans- 
mission line accurately by using a Type 900-LB Slotted Line. 
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They are t h e  periodic and t h e  nonperiodic m e t  

Periodic Hetho 

When the time delay of t he  DUT is exac t ly  n / 2  m u l t i p l e s  of t h e  
period of the measuring frequency, t h e n d  i n  eq.(l) equals  zero.  
Through properly ad jus t ing  the measuring frequency the displacement 
of the dnimum of the s tanding  wave patternmdshould 
when the DUT is disconnected and connected between t h e  S lo t ted  L i n e  
and Short. Then the  time delay of the DUT a t  measuring frequency is 

-11 i 
t - 2  f 

This method is 
the  time delay 
If Si, Sa, and 
two por t s  DUT 

c a l l e d  "Periodic Method". It is s u i t a b l e  tog measure 
of two port devices w i t h  small VSWR. 
Sir are the s c a t t e r i n g  parameters of t he  r e v e r s i b l e  

then the maximum measured phase and time delay 
errors can be represented as 

Nbnpsriodic Method 

If the VSWR of the DUT is r a t h e r  large, the  measured phase e r r o r  
A* i n  eq.(2) w i l l  be q u i t e  large and i t  is  d i f f i c u l t  t o  a d j u s t  
the measuring frequency properly t o  make the  displacement of mini- 
mun of the  s tanding  wave p a t t e r n a d  approach zero,  s o  t ha t  the 
measured time delay e r r o r  A t  would be r a t h e r  large. I n  such con- 
d i t i o n  it is impossible t o  acquire  an accurate  time 
delay measurement by making measurement at  one frequency only; t h e  

nonperiodic method which makes time delay measurement with a series 
of measuring frequencies  i s  required.  

2.3 Example of measurement 

U s e  t he  nonperiodic method t o  measure the  t i m e  delay of a piece of  
coaxia l  cable  wi th  N connectors. 
I n  order  that  the  coaxia l  cable can be in se r t ed  i n t o  the Type 
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syst the co 1 cab1 
tors has to be connected 
in Fig. 2. 
The system of connection is as in Fig. 1, When the DUT is inserted 
in system at terminal 1-1, the minimum of the standing wave pattern 
would shift. The method, which evaluate the time delay of the DUT 
by means of measuring the displacements of minimum and the measur- 
ing frequencies, is called nonperiodic method, and eq. ( 1 )  is 
suitable for this method to calculate the time delay. 
The measurement procedure is as follows. 
1. According to a certain test frequency fi , there is a corres- 
ponding displacement of minimum Adi , and the time delay (including 
the two Type 900-QNJ adaptors in this example) can be evaluated. 
2. Repeat a series of time delay measurement by changing the test 
frequency in fixed frequencyintervals,and obtain a set of time 
delay data which would be changing periodically with frequency. 
3 .  As shown in Fig.2. the measuring terminal is changed owing to 
the adding of Type 900-QNJ adaptors. They are shifted from termi- 
nals Ti and T, to terminals 1-1 and 2-2 respectively. There would 
be discontinuities at terminal Ti and T1 owing to the mismatch 
between the coaxial cable and Type N connectors. In general the 
VSWR of conventional coaxial cables are about 1.3 to 1.5 and the 

tk the Type 900-QNJ adaptors a 

VSWR of Type 900-QNJ adaptors are 1 .I016 at 3 GHZ so that it can 
be neglected as compared with the coaxial cable. 
There are rapid periodic variations in the time delay data, owing 
to the discontinuity at Ti , and the error of measurement can be 
minimized by taking the arithmetical mean value of the maximum 
and minimum time delay values in the frequency range of interest. 
But the discontinuity at T, would introduce unnoticed systematic 
error if the terminal T, is connected directly to the Short Type 
900-WNC. In o u r  experimental system terminal T, is connected 
through a Type 900-QNJ adaptor to the Short Type 9OO-WNC. The 
electric length of the Type 90U-QNJ adaptor is 5Cm, so that there 
are slow periodic variations (about 3OOOMHZ) superimposed on the 
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d per iodic  v a r i a t i o n s  i n c  the t m e  delay data.  I n  o rde r  t o  in-  
e electric l eng th  a p iece  of Type 900-L30 A i r  L ine  is adde 

etween te rmina l  2-2 an the Type 900-WNC Short ,  then the frequeno 
of slow per iodic  v a r i a t i o n  becomes 428.6 MHZ and i t  is acceptable  
i n  t h i s  experiment. By us ing  the  method descr ibed above, a set of 
t i m e  delay d a t a  w i t h  two kinds of pe r iod ic  va r i a t ionswou ld  be present; 
take t h e  arithmetical mean value of t he  maximum and m 
time delay va lues  i n  the frequency range of interest  as t h e  r 
time delay datum. Then the systematic  error owing t o  the discontin- 
uities a t  Terminal Ti and T2 can be eliminated. 
4. Why are there two kinds of per iodic  v a r i a t i o n  i n  the time delay 
data? There is a e-Jzfi(t+lro) term i n  eq.( 4 )  ( s e c t i o n  111) , which 
is introduced by the r e f l e c t i o n  a t  t h e  M network i n  F ig  3 .  L e t  
1, =lQ+tao then e-JrSCB+&,,) changes i n t o  e$@& . The condi t ion f o r  
producing a pe r iod ic  v a r i a t i o n  is 384=2nx,  t h e r e f o r e  the frequen- 
cy i n t e r v a l  f o r  a r ap id  per iodic  v a r i a t i o n  is  

I 

A f  =& ( 3 )  
For example 1, = 1 + 
12 - -e lec t r ic  l eng th  of the coax ia l  cab le  with Type N conneotors 
&,--electric l eng th  of Type 900-QNJ Adaptor 
4, --electric length  of Type 900-L30 A i r  Line 

pu t  t h e  value of 1, i n t o  eq. (3) and obta in  A f f  =56MHZ 

t A 3 &  = 1 i- a,6 = 2 6 7 3  

- -e lec t r ic  l eng th  of Type 900-QNJ Adaptor and 900-LtgO A i r  Line.  

I n  the same way t h e  slow per iodic  v a r i a t i o n  which is caused by t h e  
r e f l e c t i o n s  a t  N network i n  F ig  3. can be analyzed. 
If the Type 900-L30 A i r  Line is connected i n  t h e  measuring system 
the frequency i n t e r v a l  f o r  i t  would become 

A f ,  =428*6MHZ 
The ca l cu la t ed  values  of A f t  and af, are wel l  matched w i t h  the ex- 
perimental  curve shown i n  Fig. 6. 

5. Evaluate the time delay of the  coax ia l  cab le  under test. 
I n  t h i s  paper a Type N connector coax ia l  cable  w i t h  a Type 900-QNJ 
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adaptor at each device under test (DUT). Ta 

o obtain the accurate time delay value of the MJT. 
1 t=Z ( tmax + tmin) ~8209 e 6 p ~  0 

The time delay of the air line has been discounted from this value. 
III Theoretical Analysis of Microwave Networks in Cascade 
Lett represent the electric length of the coaxial cable, 12,. and 
the electric length of Type 900-QNJ adaptors, &'e is the electric 
length of Type 900-QNJ adaptor andType 900-L30 Air: Line as shown 
in Fig.3. Terminal 1-1 is connected to the output terminal of the 
9OO-LB Slotted Line and Terminal 2-2 (or 2'4') is connected to 
the Type 900-FINC Short. 
Use m,,, ma,, mI2 and mar to represent the scattering matrix elements 
of the connector pair M and n,, , n,, , n,a and npa to represent the 
scattering matrix elements of the connector pair N. Use S,,, Sa,, 
Sli and Sar to represent the scattering matrix elements of the network 
between the terminals T, and Tz and SJ , SJ,,S;.pnd Si, 
the scattering matrix elements of the network between the terminals 
1-1 and 2-2 (or 2v-2t)). 
When terminal 2-2 (or 2'-2' ) , is connected to the Type 900-!4NC Short, 
the reflection coefficient <at terminal 1-1 can be represented as 
(see appendix I) 

to represent 

The m,, n, m,, n2, e-328(~+,410tllrd~,,~erm in eq. (4) represents the required 
quantity for the time delay measurement of the DUT, and the other 
four terms in the bracket represent the rapid and slow periodic 
variations of the time delay measurement data. If there is no A,, , 
n,, and n, would introduue an unnoticed systematic error. If is 
very short, the frequency of the slow periodic variation would be 
very high (as described in Secrion I1 it is '3OOOMHZ). After adding 
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a 30 Cm prec ne the freq~ency decreases to 42 

to be realized. 
The phase angle fi(A+@j&,) in eq.(4) corresponds to the time delay 
between terminals 1-1 and 2'-2', from which the time delay of the 
DUT can be evaluated by subtracting 1.U012 ns, the time delay of 
the precision air line Type 9U0-L30e. If the time delay of the two 
900-QNJ adaptors are subtracted,the time delay of the coaxial ca- 
ble with Type N connector can be obtained. 
It doesn't introduce systematic error in time delay measurement 
when the DUT has loss, but it increases the random error as the 
sharpness of the minimum of the standing wave pattern decreases. 

Proceed the error analysis according to eq.(4) as follows 
1 . Let the VSWR of the DUT be 1.5, then JS,;l=/S!zl=0.2, {tn,l=In,,l. 
~0.1 so that 1&1=O.u1 . Under the worst phase combination 
it corresponds to a phase angle of 1 .I 5'- When the measuring 
frequency is 4 GHz,it justintroducesan error of 0.4 ps. 

In the point of v acceptable Y 

2. The effect of a,, nrt a, n,, . 
Evaluate mf2 a, as shown in Fig. 4. 
Evaluate nl2 rill by the same way. 
If the transmission line hasan impedance discontinuity at a certain 
interface, we use network M to represent this discontinuity and 
let a,, , ma,, and m, represent the elements of the M matrix. For 
convenience use normalized impedance in Z 1  and 2,. Let Z,=1 
Za=l+x+jy There is the following relation 

- ( X t j Y j 2  
where 6'= 4 ( 1  t x  + j y) 

since ~ S , ~ ~ = ~ S & ~  =0.2 x=0.1, y=U.l so that g'r0.01 In the same 

From eq.(5) itintroduces a0.4 ps time delay incertainty, but in 
precision time delay measurement, this uncertainty can be elimin- 
ated by interchanging the input and output of the DUT in two mea- 
sure-ments and taking the mean value. 

way nf2 rial -1+f then a,, n,, n2! *1+2&" (5) 
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the othe 
ke t 

term first. Neglect & a s  a s m a l l  quant i ty ,  and assume the M matrix 
is los s l e s s ,  then the extrema of the expression 

are l+g+jh and l-g-jh , they correspond t o  the phase angles  

e,=%'&- , Q = t d A  '-% 
Then the express ionfor  t h e  phase e r r o r b e ,  
value of the extrema as the time de1ay;is 

A e = +&{ (-2gh) 

( 7 )  

while tak ing  the mean 

(1-6) 
n, eh 120 
4 2  n2, 

I n  the same way, the effect of the two terms 

and n,,pjsD&, can be considered. 

thenA8/2=35' 
When taking the mean value of the extrema as the time delay of the 
DUT, the four  terms i n  the bracket would introduce an uncer ta in ty  

Since (S,/l =1S$l =0.2 , g50.14 h g  0- 14 
it corresponds t o  a 0 . 4 ~ ~  time delay uncer ta in ty .  

_. 

Of 2 X Oe4pse 

I V  Measurement Errors  
There are eight kinds of  e r r o r s  source f o r  the t i m e  delay measure- 
ments of two p o r t s  DUT i n  the Type 900 system. 

1.  The frequency i n s t a b i l i t y  of the s i g n a l  generator introduce t h e  
e r r o r  A t, 

i n  example above 4 t l =  t 9 . 4 ~ ~ .  

At,  = +t 

2. The inaccuracy of the s l o t t e d  l i n e  sca le in t roduces ' the  e r r o r  At, 

The inaccuracy of the s l o t t e d  l i n e  scale is O . l m ,  (wi th  the micro- 
meter i t  can be decreased t o  0.01 mm). 
s o  t ha t  A t 2 =  f 0.33 pS. 
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lay is 1OO1.2  kU.4 ps, so that it introduce the error at, . 
At3= f 0.4 pS. 

4. The M and R networks of the connector pairs would introduce the 
error At, . 
This error comes from the &term in eq. (4) and it has-been de- 
scr ibed i n  part I11 

5. The test frequency interval cari't be infinitesimal, it would 
introduce the error Ats . 
Since a series of measured time delay data of the required measur- 
ing frequencies are required to obtain the extrema, the smaller 
the measuring frequency interval, the more accurate extrema can be 
obtained. In the example described in Part 11, the measuring fre- 
quency interval is I O M H Z ,  and a frequency interval of two to three  
MHZ can be used in the neighborhood of the extrema. According to 
the data analysis, the error A ts is less than Ips. 

6. The reflection of the Type 900-BT connector would introduce the 
error At6 . 
Type 900-BT connectors are used in both the terminal 1-1 and 2-2 
of the measuring system, and the time delay error introduced by 
them is less than 0.8 ps. 

7. While taking the mean value of the extrema to evaluate the time 
delay it would introduce the errorat,, and A $  . 
]From Atl to atg the total r.m.s. error is about 1.6 ps. 

V Skin Effect Analysis of the Transient Characteristic of Coaxial 
Transmission Line. 

At+= & 0.4 PS. 

As described in part 111, A t q  = +, 0.4 ps. A t & =  ,+ 0 . 4 ~ ~ .  

The time delay of a coaxial transmission line changes with frequen- 
cy Since the series inductance changes with frequency owing to skin 
effect. For example if the time delay of a piece of coaxial cable 
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is 4996.64 p s  at IOOOMHZ it would change to 5000 ps at 3OOOMHZ. 

the output pulse would be degenerated owing to the frequency res- 
ponse of time delaym If an input pulse with Ins risetime is pass- 
ing through a coaxial cable with 50ns time delay the rise time of 
the output pulse would change t o  1.14nsm On the other hand the 
changing of series resistance owing to skin effect degenerates the 
risetime of the output pulse too. The magnitude of degeneration is 
afunctionof the attenuation of the coaxial cable and the risetime 
of the input pulse. If an input pulse with Ins risetime is passing 
through a coaxial cable with 0.4 dB attenuation, the risetime of 
the output pulse would change to l.0’gns. 

hen it is operated ina pulse condition, the risetime of 

5.1 The relation between the frequency response of the series in- 
ductance and the pulse time delay and transient characteristic. 
As described above, the series inductive component increases as 
the frequency decreases so that the wave propagation speed through 
the cable decreases and the time delay increases. For this reason 
the calibrated time delay standard should be used at the cali- 
brated frequency. If it is used on the other frequencies, correc- 
tion should be taken. According to the relation between the elec- 
tromagnetic wave propagation velocity and the inductive component, 
the formula of time delay as a function of frequency can be deriv- 
ed. (see appendix 11) 

t = t,(l + (9 )  
A s  the existence of skin effect, the phase frequency characteristic 
is no longer linear. When working in a pulse condition, since the time 
delays are different for each of the harmonic components of the 
pulse, the resultant output waveform would change and the risetime 
degenerates as shown on Fig. 5. 
This means, the frequency response of the inductive component 
would also degenerate the pulse output waveform besides the fre- 
quency response of the resistive component but, when using the 
calibrated time delay standard to calibrate time measurement in- 
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struments the effect of the ihductive component is very small and can 
be neglected, provided the calibrating frequency of the time delay 
standard and the bias voltage of the calibrated equipment are 
properly selected. 

where A = =  -fundamental angular frequency 

If the coaxial  transmission l i n e  has ideal l i n e a r  phase frequency 
c h a r a c t e r i s t i c  and the module of the transmission c o e f f i c i e n t  is 
constant throughout the passband and equal t o  zero outs ide  the 
passband, then the output can be represented as 

T 
E -- pulse ( o r  square wave) amplitude 

P - n O  

where H -- the module of transmission coe f f i c i en t  
tc-- delay time 

Since the phase frequency c h a r a c t e r i s t i c  is nonlinear owing t o  
sk in  e f f e c t ,  the delay time is  no longer constant and should be 
expressed as 

t,= t*  (I+ (1 2) 

where to-- delay time of  zero depth of penetrat ion 
t, -- delay time a t  frequency f, = x*f, 
fo-- the highest harmonic frequency of the input  pulse 

b -- correc t ion  coe f f i c i en t  
f. -N 0 0 3 5 / &  

under t h i s  condition eq. (1 1 ) should change to  

When the bias vol tage equals t o  KE/2, there is  a delay time, 
t=t, which satisfies the following formula (14 )  

Y =  0 
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S u b s t i t u t i n g  formulae (15) and (16) i n t o  formula (14) and taking 
i n t e g r a t i n g  we get 

A 2 0.3 (17) 

so t ha t  tA= t, (1+ b 

According t o  the preceding a n a l y s i s ,  when KE/2 is used a s  t he  bias  
vol tage,  0.3 f o  should be taken  as the  c a l i b r a t i n g  frequency for t h e  
time, delay standard.  For example, i f  the input  pu lse  E=0.5V and 
the pulse risetime &=O.lns, then fe=3.5GHZ. When use 0.25V as the 
bias vol tage,  t h e  t i m e  delay data should be taken a t  t h e  measuring 
frequenoy f =1,05GHZ as the s tandard time delay va lue  f o r  t h i s  
specified condition. 
Besides, from eq. (12)  and Fig. 5. i t  is evident  that  the  time of 
the  lower p a r t  o f  the l ead ing  edge of  the delayed pu l se  corre- 
sponds t o  de lay  t i m e  of its higher  harmonics. So t h a t ,  when t h e  
risetime and t h e  amplitude of t h e  input  pulse  are rather large 
KE/10 (or  smaller) may be used as t h e  bias  vol tage,  and fo  is taken  
as the  cal ibrat ing frequency f o r  t h e  t i m e  delay s tandard.  When 
using t h e  calibrated t i m e  delay standard t o  calibrate t i m e  measure- 
ment  i n s t rumen t s  t h e  e r r o r  which is caused by t h e  frequency response 
of t he  induct ive component, can be e l i m i n a t e d  by using t h e  method 
described above. 

5.2 
the s k i n  e f f e c t  of r e s i s t i v e  component. 
When a pulse  passes through a coaxial  cable, the output waveform 
would be degenerated owing t o  t h e  changing of the high frequency 
l o s s  of  the coax ia l  cable. But i n  general  t h e  d i e l e c t r i c  loss is 
much smaller  than the r e s i s t i v e  loss. 

The d i s t o r t i o n  of pu lse  t r a n s i e n t  c h a r a c t e r i s t i c  owing t o  
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C 

R= 

where &, 

8 , &  
outer conductors. 
be, ac are the radius of the inner and outer conductors 
It shows that the changing of the resistive component owing to 
skin effect of the coaxial cable increases with frequency. It 
doesn't introduce time delay measurement error when the standard 
is calibrated at a single frequency but it would degenerate the 
output pulse. Since the higher harmonics have larger attenuation 
so the risetime of the output pulse would increase. If the bias 
voltage used is not zero, time delay measurement error is intro- 
duced. The larger the bias voltage used, the larger the time 
delay measurement error that would be introduced, but by using 
the correction formula (22 )  given below, this error term can be 
reduced by a factor of 10. 

go. are the skin depths of the inner and outer qonp+ctors 
-8 

are the resistivities of the materials of the inn 

2. Correction formula for reducing the time delay measurement 
error owing to the resistive component 
Considering the resistive loss of the coaxial oable, the increment 
of the risetime can be evaluated a8 (see appendix IV) 

A&' = &as 
where 

dfe -- the attenuation nB at the highest frequency 
6. -- the risetime of the input pulse 
As described above if 0.1KE or 0.5KE is used as bias voltage the 
correction value should be 

f,= 0.35/& 

A& = 0.1 d;; a, 
A& = 0.5& as 

for 0.1KE bias voltage 

for 0.5KE bias voltage 
(21 1 

So that in a pulse condition the effective standard delay time of 
the calibrated time delay standard should be 
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where ts--effective standard delay time of the oalibrated time 
delay standard, when the input pulse risetime is &and the bias 
voltage is O.1KE. 

ttS-- the same as t,, except 0.5EIE is used as bias voltage 

th--delay time of the calibrated time delay standard at fre- 

t'h"" the same as th, except it is at frequency 0.3 f, . quency fo 

6-- the risetime of the input pulse 
ds,-- the attenuation in neper of the time delay standard at 

frequency f, . 
VI Conclusion 

1. This paper presents a new method to calibrate the time delay 
standard (coaxial cable). The accuracy of calibration is kt(3-5)~~. 

2. When we use the calibrated time delay standard to calibrate 
precision time measurement instruments, we must use formula (22) 
to evaluate effective standard delay time for correcting the 
errors owing to skin effect. 

3.  When w e  use t h e  calibrated time delay standard to calibrate preci- 
sion time measurement instruments, two additional errors should be 
considered as follows. 

a. The evaluation of the highest limiting frequency may have a 
tolerance of IO%, and it introduces an error bt{ . 

_f,b 
G At,' = 0.054 

when fo= 0.35GH2, b=O.0816, t~82OOps, At,'=Oe61ps 
when f, = 0.35GHZ b=0.0816, tr5O.OOOps A t,'=3.'12ps 
It is evident the higher the f, the smaller the A t(' . 
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0% to the s voltage use introduce err0 
e 

ti = 0,0067 for 0.1EIE bias voltage 
At; = 0,0334g& for 0.5KE bias voltage 

Since o$ e is proportiOnto 
as 6. decreases in the rate of E,, 
In general, for an inpuC pulse with E Z E V ,  6,slns or E20.5V, 
&5uo1na, using the calibrated time delay atandard to calibrate 
time measurement instruments, the additonal error owing to skin 
effect ia less than k5ps. 

So that, when the calibrated time delay standard is used to cal- 
ibrate a precision time measurement instrument (counter), the 
total calibration uncertainty is less than +IOpa. - 

, and 6zOo.35/f, , then At: decreases 
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o r m ~ a  derivation for the reflection coefficient at the inpuL 
terminal of the microwave networks in cascade. 
As shown in Fig. 3 .  the microwave networks has the following re- 
lation 

b, = mrrar  i- muAt 

Since the Type 900-QNJ Adaptors have electric length the S’ matrix 
of the network between terminal 1-1 and 2-2 
becomes 

s,; = s,~ e-j2811tm 

= s,,e-jW~, 

s,: = s,,e-je&+&,) 
(5 )  



'= s,; + 
where E is the reflection 

~ n ~ l y s i ~ ~  the 
nput terminal 

coefficient of the termination of the 
network. When this S t  network is terminated: a Short, = -1 

s' s '  r'=s;:- ,;it 
( 7 )  

Substituting eq. (6) into eq. (7) and neglecting J-* and higher 
order terms of the small quantities the expression for the reflec- 
tion coefficient at terminal 1-1 becomes 

This is the eq. (4) in this paper. 
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Appendix I1 

Formula derivation for the relation between delay tias and meas- 
uring frequency a 

In lossless coaxial transmission line the propagation velocity of 
the electromagnetic wave is 

where I, --inductance per unit length 

The delay time for a piece of transmission line is inversely pro- 
portional to the propagation velocity 

C --capacitance per unit length 

(101 
t M 7  1 

Thus t a  

the expression of 

La= 2R* x 

where D., d, --the 
outer diameter of 

( 1 1 )  

inductance for zero skin depth is 

10-9 H/W (12) 

inner diameter of the outer conductor and the 
the inner conductor respectively. 

In those frequencies, where skin effect can not be neglected, the 
effective diameters of the inner and outer conductors of the co- 
axialtransmission line are no longer their mechanical dimensions 
do and Do. In this case, the effective diameter of the outer con- 
ductor increases with the amount of skin depth, on the contrary, 
the effective diameter of the inner conductor decreases with the 
amount, of the skin depth. So that, the value of inductance is no 
longer expressed as eq, (12)  it should change to 

L = 2j4, + 10-9 ~/cm (1 3) 
where D, d --the effective diameters of the outer and inner con- 
d&tors considering the skin effect, 
From eq. (II), (12) and (13) we get 
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where b -- correction c o e f f i c i e n t  f o r  the induct ive component 
v a r i a t i o n  owing t o  skin e f f e c t ,  

Coeff ic ient  b is the func t ion  of the diameter-of  the coaxia l  
transmission Line, and the resis t ivi ty  of the conductors. Here 
are some examples f o r  the Type 9OO-LZ Reference A i r  Sine b is 
0.0284, and f o r  the Type SYV-50-5 and SYV-50-2-2 coaxia l  cables 
made i n  China b is 0,0816 and 0.1711 respec%ively.  
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e t 

L e t  the expression f o r  input  pulse (square wave) 

where = -fundamental angular frequency 

When the input  pulse has passed through an ideal network which 
has l i n e a r  phase frequency c h a r a c t e r i s t i c  and constant  t ransmisr  
s ion  c o e f f i c i e n t  i n s ide  the pass band and zero transmission 
coe f f i c i en t  ou ts ide  the pass band, the output pulse becomes 

E -- amplitude of  the ingput pulse  (square wave) 

where K--transmission c o e f f i c i e n t  
tc-- delay time 
Pm-- t he  maximym value which depends on the highest  o rder  
(2Pm+l ) of harmonics which can pass through the  network. 

It is evident t ha t  (2&+1 )a 5 We (18)  
where W,--the highest angular frequency of the passband. 
Differ8ntd.ate with respec t  t o  eq. ( 1 7 )  

where f,--the highest frequency of  the passband. 
So tha t  the risetime of the output pulse  can be expressed 

(21 1 - KE - 0.5 -- d- fa 
as 

I n  prac t ice ,  when u,w, bl0)C 
e transmission c o e f f i c i e n t  is not  

zero,  but it decreases r ap id ly  as the frequency increases.  So 
that i n  general  the following formula is used in s t ead  of ( 2 1 )  
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on for the output pulse riset 
to the variation of coaxial transmission line 'loss. 

Assume that the coaxial transmission line ha8 linear phase fre- 
quency characteristic, When an input pulse expressed as eq, (16) 
passes through a piece of coaxial transmission l3ae with loss, 
the ampilitude frequency characteristic of the output' pulse can 
be expressed as 

where& --attenuation of coaxial transmission l ine in neper 

For conventional coaxial cable 

Where b, a,--the radius of the inner and outer conductors 

&--relative dielectric constant of the dielectric medium 
f-- frequency 

respectively 

8 

According to eq. (25), can rewrite eq. (24) to 

=KJ.F (26) 

Differentiate with respect to eq. (23) 

since o($. , make transformation X =&/Nn, and in tegrate  * 
when t=t6 (assumed t,is constant), there is 
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where O(fr--attenuation in neper at the higheat frequency f ,  
f, -- the highest harmonia frequency of the imput pulse 

take f, = 0.35/& 

thus, the increment of the output pulse risetime can be obtained 
&--risetime o f  the input pulse 
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