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RADAR ABSORBER MEASUREMENT TECHFIIQUES 
AT FREQUENCIES ABOVE 20 GHz 

N. S. Nahman, C. M. A l l red,  J.  R. Andrews 

C. A. Hoer and R. A. Lawton 

New methods f o r  implementing automatic permittivitylpermeability measurements o f  radar 
absorber mate r ia l s  f o r  app l i ca t ions  p r i m a r i l y  above 20 GHz and i n t o  the  m i l l i m e t e r  wave 
reg ion  t o  about 100 GHz are discussed. A b r i e f  review o f  t h e  s tate-of - the-ar t  o f  d i e l e c t r i c  
and magnetic mater ia l  measurements i s  given. Automated t ime domain and frequency domain 
methods are considered i n c l u d i n g  t ime domain automatic network analyzers, c o r r e l a t i o n  
measurement systems us ing  noise s ignal  sources, and s ix -por t  network analyzers. 

Key words: D i e l e c t r i c s ;  frequency domain measurements; magnetic materials;  
microwaves; m i l l i m e t e r  waves; permeabi l i ty  measurements; p e r m i t t i v i t y  measurements; 
radar  absorbers; t ime domain measurements. 

1. INTRODUCTION 

1.1 Review and Perspect ives 

The purpose o f  t h i s  r e p o r t  i s  t o  describe new methods f o r  implementing automatic mu-epsilon (p-E) 
measurements o f  radar absorber mate r ia l s  f o r  app l i ca t ions  p r i m a r i l y  above 20 GHz and i n t o  the 
m i l l i m e t e r  wave region t o  about 100 GHz. 

An adequate view o f  t h e  s tate-of - the-ar t  f o r  complex and/or E measurements can be obtained f rom 
t h e  techn ica l  journals; a t y p i c a l  c o l l e c t i o n  o f  technica l  papers i s  given i n  references Cl.1-1.101. 
Because o f  the  need t o  r a p i d l y  ob ta in  accurate data fo r  these electromagnetic parameters over broad 
ranges o f  frequency and i n  extreme and changfng environments, automated measurement methods are 
required. 

Most o f  the  c i t e d  present day techniques are narrowband techniques Cl.1-1.61 w i t h  the  exception o f  
Dispersive Frequency Domain Spectroscopy (DFDS) [1.7,1.8] and Time Domain Spectroscopy (TDS) 
[1.9,1.10] t h e  l a t t e r  two techniques employ broadband spectra l  sources i n  the  form o f  incoherent and 
pulsed sources, respect ive ly .  DFDS i s  employed i n  the o p t i c a l l i n f r a r e d  regions, w h i l e  TDS i s  used i n  
t h e  e l e c t r i c a l  regions i n c l u d i n g  the  h igher  microwave frequencies. 

Regarding terminology, i n  t h e  e l e c t r i c a l  reg ion (wavelengths longer than those o f  the  i n f r a r e d  
region) no ise sources and c o r r e l a t o r s  comprise a system equiva lent  t o  t h e  o p t i c a l / i n f r a r e d  DFDS system. 
Both systems are based upon c o r r e l a t i o n  func t ions  (observables) and t h e i r  Four ier  transforms. 
S im i la r l y ,  TDS i s  based upon t ime domain observables and t h e i r  Four ie r  transforms. I n  t h i s  case t h e  
s ignal  sources are r e p e t i t i v e  and o f  f i n i t e  durat ion,  and sometimes, per iod ic .  . 

Recently,  new single-frequency measurement techniques based upon s ix -por t  o r  n-por t  devices have 
been developed f o r  p rec is ion  measurements; these techniques are amenable t o  c a l i b r a t i o n  using fewer 
standards bu t  requ i re  on-1 i n e  computer data a c q u i s i t i o n  and processing. However, because o f  'me 
computer t i e - i n ,  t h e  frequency can be r a p i d l y  stepped across"a frequency band t o  p rov ide  broadband 
frequency domain measurements. Consequently, such measurement methods could be usqd t o  determine 
complex p-E data across a broad frequency band. 



1.2 Report Content and Organizat ion 

This repor t  i s  d i v ided  i n t o  s i x  chapters, the  f i r s t  one being the  present in t roduc t ion .  Four 
chapters are devoted t o  t ime domain spectroscopy, c o r r e l a t i o n  measurement systems w i t h  noise s ignal  
sources, and frequency domain automatic systems us ing s i x - p o r t  devices. References appear a t  the  end 
o f  each respect ive chapter. The remaining chapter includes a summary and recommendations f o r  f u t u r e  
research and development. 

Each o f  these th ree  new techniques f o r  p-E measurements are p r a c t i c a l  techniques. Each one has 
i t s  own advantages depending upon various considerat ions. I n  es tab l i sh ing  the  f e a s i b i l i t y  o f  these new 
methods, the MBS con t r ibu to rs  have developed the  analyses presented here in and a1 so have drawn upon 
t h e i r  respect ive experiences i n  research and development on r e l a t e d  measurement techniques in  the time 
domain, c o r r e l a t i o n ,  and microwave technica l  areas. Typical f a c t o r s  such as present measurement 
c a p a b i l i t i e s ,  cost,  s t a f f  experience, etc., w i l l  most probably be the con t ro l  l i n g  ones f o r  t h e  
se lec t ion  o f  one method over another. Also, i n  one frequency band a given technique might be more 
a t t r a c t i v e  than another f o r  the  very same reasons o r  combinations o f  t h e  t y p i c a l  fac to rs  c i t e d  above. 
I n  short,  t h i s  repor t  does not  say which method should be used b u t  does present i n c l u s i v e  
recommendations f o r  f u t u r e  technica l  work. Also, the r e p o r t  provides a technica l  basis f o r  discussions 
between the  U.S. A i r  Force (UJ;.F) Avionics Laboratory and PIES. 

Chapter 2 i s  concerned w i t h  the t ime domain automatic network analyzer (TDANA) as app l ied  t o  
p-E measurements and discusses two top ics:  (1) extension of present baseband pulse techniques t o  
higher  microwave frequencies, and (2)  pulsed c a r r i e r  techniques f o r  microwave/mi 11 imeter wave 
appl icat ions.  Typical t ime domain systems are the  NBS Automatic Pulse Measurement System (APMS) and 
the USAF Avionics Laboratory Time Domain p-E Measurement System. 

Because the  sampling process and the sampling-head s t r u c t u r e  fundamentally l i m i t  t h e  temporal 
r e s o l u t i o n  (and corresponding bandwidth) o f  sampling osc i  11 oscope systems, improved sampling heads 
could prov ide increased temporal reso lu t ion .  Chapter 3 discusses the  improvement o f  sampl ing-head 
hardware us ing photoconductor ga t ing  s t ructures.  This concept was invented a t  NBS under p a r t i a l  
support o f  the  USAF. The patent r ights  have been assigned t o  the USAF [1.11]. 

Chapter 4 presents the  fundamentals o f  us ing noise s igna l  sources f o r  character iz ing two-port 
networks. The desi red broadband network o r  mater ia l  temporal parameters are ext racted by c o r r e l a t i o n  
measurements, and the  corresponding frequency domain parameters are obtained from the Four ie r  
transforms o f  the  c o r r e l a t i o n  (temporal ) funct ions.  

Chapter 5 in t roduces frequency domain automatic systems, us ing s ix -por t  devices, which a re  
b a s i c a l l y  single-frequency techniques bu t  are h i g h l y  amenable t o  automation and c a l i b r a t i o n .  This, in 
turn,  enables a sequence o f  r a p i d  measurements t o  be made over a frequency band. 

F i n a l l y ,  Chapter 6 contains a summary o f  the body o f  the  r e p o r t ' s  discussion o f  the  major fac to rs  
i n v o l  ved i n  implementation o f  new methods, and recommendations f o r  f u t u r e  technica l  work. 
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2. THE TIME DOMAIN AUTOMATIC NETWORK ANALYZER 

James R. Andrews 

2.1 In t roduc t ion  

Time domain techniques have been appl ied q u i t e  successfu l ly  t o  t h e  measurement o f  frequency domain 
parameters a t  frequencies up t o  X-band (12 GHz) C2.1-2.101. These inc lude the  complex S-parameters f o r  
e l e c t r i c a l  networks and mater ia l  parameters [2.4,2.11,2.12] such as the  complex permeabi 1 i t y  and 
p e r m i t t i v i t y  (p and E )  o f  d i e l e c t r i c s  and f e r r i t e s .  The recent review paper by Andrews summarizes the 
techniques and state-of - the-ar t  [2.131. The common features o f  the  t ime domain automatic network 
analyzer (TDANA) ( f i g .  2.1) as used by t h e  various researchers incljrde: (1) a very f a s t  pulse 
generator, (2) a wideband sampl i n g  osci 1 loscope, and (3)  a minicomputer. * The USAF Avionics Laboratory 
u-E measurement system i s  an example of such a system [2. 14-2.161 . 

The pulse generators used have t y p i c a l l y  been e i t h e r  tunnel diode step funct ion generators o r  step 
recovery diode (SRD) impulse generators. A step recovery diode generator t y p i c a l l y  produces a 5 V, 
60 ps impulse w i t h  a usefu l  spectrum up t o  8 GHz. A tunnel diode t y p i c a l l y  produces a 114 V step w i t h  
a 20 ps t r a n s i t i o n  t ime and a usefu l  spectrum up t o  12 GHz. Recently, measurement c a p a b i l i t i e s  have 
been extended t o  t h e  Ku-band (12.4-18 GHz) using improved pulse generators which generate a shor t  rf 
burs t  C2.171. 

The s ta te -o f - the -a r t  in  sampling osc i l loscopes i s  "A" which has a 20 ps t r a n s i t i o n  t ime and a dc 
t o  18 GHz, 3 dB bandwidth. b t h e r  sampling osc i l loscope o f t e n  used i s  the  "B". It has a 30 ps  

t r a n s i t i o n  t ime and a dc t o  11. S Mz, 3 dB bandwidth. 

A minicomputer serves many funct ions i n  t h e  operat ion o f  a TDANA, inc lud ing:  (1) measurement 
system con t ro l le r ,  (2) data acquis i t ion,  (3) data storage, (4)  d i g i t a l  averaging t o  improve s ignal - to-  
noise r a t i o ,  (5) Four ier  transform computation t o  convert the  t ime data t o  the frequency domain, (6) com- 
pu ta t ion  of the sca t te r ing  parameters Sij o r  o ther  des i red parameters, and (7) presentat ion o f  the  r e s u l t s  
i n  a useful tabu la r  o r  graphical form t o  the  operator v i a  a cathode r a y  tube (CRT) terminal.  

When one i s  faced w i t h  making S-parameter o r  p-E measurements i n  t h e  m i l l i m e t e r  wave region, one 
quest ion which a r i ses  i s  whether t h e  TDANA technique can be extended t o  these frequencies. The answer 
i s  a q u a l i f i e d  "yes." This  chapter w i l l  deal w i t h  t h i s  quest ion. The basic TDANA arrangement w i t h  a 
shor ter  rf pulse b u r s t  and the  present HP sampler can probably be extended t o  the  K-band (18-26.5 GHz) 
w i t h  some d i f f i c u l t y ;  the  next two sections, 2.2 and 2.3, w i l l  address t h i s  top ic .  Above K-band, 
a l te rna te  techniques w i l l  no doubt have t o  be used. At the  present time, the  most promising appears . t o  
be t h a t  o f  heterodyning a baseband pulse up t o  the  m i l l i m e t e r  band o f  i n t e r e s t  and then synchronously 
heterodyning a response s ignal  back t o  baseband f o r  subsequent measurement; sect ion 2.4 w i l l  discuss 
t h i s  top ic .  

I1n order t o  avo id  i n f l u e n c i n g  the  compet i t ive p o s i t i o n s  o f  manufacturers o f  commercial equipment 
we have n o t  i d e n t i f i e d  these products. 



2.2 Extension of Present TDANA Techniques 

The f i r s t  question to  be faced is, * W i l l  the "A" sampler work a t  millimeter frequencies?" The 
manufacturer specifies the t r ans i t ion  time to  be x 20 ps and the bandwidth as dc t o  greater than 18 Mz. 
"A-B1' and "A-C" samplers owned by NBS do, i n  fac t ,  have transit ion times of x20 ps when they are  properly 
adjusted. AT1 NBS Guest \Vorker, S. M. Riad, as pa r t  of h i s  Ph.D. dissertat ion,  mathematically modeled the 
older "A-A" sampler [18]. The manufacturer specified. the bandwidth of the "A-A" t o  be dc t o  > 12.4 MZ 
and the t rans i t ion  time to  be--,28*ps. Riadls model predicted the s tep  response t rans i t ion  time to  be 
27.5 ps. Figure 2.2 shows Riadfs  computed impulse response for  the '!A-A". The impulse response duration 
(50%) is 24.1 ps. Figure 2.3 shows the frequency response computed from Riad's impulse response. While 
it 1s not mathematically rigorous, an approximation t o  the "A-B/CW response can be made by scaling 
figure 2.2 by 20/28 and figure 2.3 by 18/12.4. From th i s  extrapolation, the "A-B/C" amplitude response 
may be estimated as follows: 

Table I. "A-B/C" Predicted Frequency Res~onse 

Amp1 i tude 
Response Frequency 

18 GHz 

15 GHz 

35 CHz 

42 GHz 
50 CHz 

Figure 2.4 i s  offered as fur ther  evidence that  the "A-B/Cn will function a t  millimeter frequencies. 
This figure shows an actual 45 GHz sine wave that  was observed on an NBS "A-B1I during the 
development of the SHF impulse generator buil t  fo r  the  USAF Avionics Laboratory in 1977 C2.171. 

Figures 2.2-2.4 demonstrate tha t  the "A-B/Cn sampler will operate above 18 GHz. Because operation 
i s  in the high frequency roll -off region, measured waveforms wi 11 be considerably distorted.  However, 
when making ra t io  measurements, such as S21 or  S11, the  frequency response effect  of the  
sampler t ransfer  function HS(w), will cancel out. In theory, Hs(w) i s  immaterial in r a t i o  
measurements. In practice, i t  has a significant effect .  If Hs(w) i s  down, then the signal-to-noise 
r a t io  in the measurement i s  reduced0 and, as a resul t ,  the measurement errors are increased. 

A1 though the "A-B/Cw sampler response i s  seen t o  be useful t o  a t  leas t  50 GHz, there are  other 
problems that  present major obstacles to  measurements above 18 GHz. They are primarily timing 
ins t ab i l i t i e s ,  such as j i t t e r  and long-term d r i f t .  The source of these ins t ab i l i t i e s  i s  in both the 
sampling oscilloscope time base and the pulse generator. Cans [2.8] and E l l io t t  [2.19] have shown tha t  
the  effect  of signal averaging on a waveform that  has time j i t t e r  i s  equivalent t o  using a low pass 
f i l t e r .  For stationary, Gaussian time j i t t e r  of standard deviation, U j ,  the f i l t e r  i s  of the form 

Table I 1  l i s t s  the j i t t e r  observed on several different NBS sampling oscilloscopes and pulse 
generators. These are values representative of the current state-of-the-art. These reported j i t t e r  
values, r ., are  human observer measurements of the nominal width of the  j i t t e r  band excluding some 
outlying damples. They are related to  o j  by 

The 3 ps value of o j  reported by Cans E2.81 was obtained from a computer controlled measurement of 
the complete j i t t e r  probability distr ibution.  Also included in Table I 1  i s  the equivalent f i l t e r  
cutoff frequency (-3 dB)  due t o  the  j i t t e r .  



Table 11. J i t t e r  Charac te r i s t i cs  

Sampling Osci l  loscopc Pulse Generator T ~ ( P S )  fco(GHz) 

1. "A-B" sampler with "E" tunnel diode and 44 
"C" time base and NBS bias supply (Y n*obS;:rKtion) 
"D" ver t ica l  amp. 3 ps C2.81 

computer meas. ) P = 

2. "A-B" sampler and "E" tunnel diode and 0 2  ps ( low f req.  r i p p l e )  
"F" sanlpl ing plug- NBS bias supply 0 4  ps (Gaussian j i t t e r )  
i n  0 5  ps (overa l l  ) 53 

4. "A- B" and "F" 

"E" tunnel diode and 5 2  ps ( low freq. r i p p l e )  
NBS improved automatic 5 4  ps (Gaussian j i t t e r )  
TD bias supply 05-6 ps (overa l l )  48 

"EM tunnel diode and G2 ps ( low freq. r i p p l e )  
"G" bias supply 0 5  ps (Gaussian j i t t e r )  

06-7 ps ( o v e r a l l )  41  

NBS SHF Impulse 5 3  ps ( low freq. r i p p l e )  
Generator [2.17] 0 4  ps (Gaussian j i t t e r )  

%6 ps ( o v e r a l l )  44 

6. "B" sampler with "EWtunneldiodeand %4ps(Gauss ian)  66 
"HIt time base and NBS improved automatic 
"I" ver t ica l  amp. TD bias supply 

NBS SHF Impulse 0 4  ps (Gaussian) 66 
Generator 

The other  major t im ing  e r r o r  i s  due t o  long-term d r i f t  (ms o r  longer) .  D r i f t i n g  i s  p o t e n t i a l l y  
more serious than j i t t e r .  D r i f t i n g  has many d i f f e r e n t  causes, i n c l u d i n g  minute temperature 
f l uc tua t ions ,  l i n e  voltage changes, etc. NBS has found i t  necessary t o  operate i t s  scopes and 
generators cont inuously, t o  minimize these e f fec ts .  It i s  poss ib le  t o  devise special  hardware and/or 
software techniques t o  minimize these long-term d r i f t s .  8. E l l i o t t  devised a hardware technique 
t h a t  allowed him t o  reduce by a f a c t o r  o f  500 the  d r i f t  o f  a tunnel diode generatorflA-A" sampler 
combination C2.201. The o v e r a l l  d r i f t  s t a b i l i t y  o f  h i s  system was about 20 f s  (0.02 ps). 
Nicholson developed a hardware/software, 3-point scanning technique to  detect and correct d r i f t  
er ro rs  C2.211. H i s  techniques are used i n  the present p-e measurement system a t  t h e  USAF Avionics 
Laboratory C2.141. Both E l l i o t t ' s  and Nicholson's techniques requ i re  t h e  use o f  an add i t i ona l  
reference pulse d i r e c t l y  r e l a t e d  t o  the  signal t o  be measured. This reference pulse i s  requi red t o  be 
posi t ioned a t  a p rec ise  l o c a t i o n  i n  the t ime window o f  observation. These techniques a re  usefu l  i n  a 
TDANA system t h a t  i s  hardwired i n t o  a f i x e d  con f igu ra t ion  and t h a t  i s  on ly  used f o r  a s i n g l e  t ype  o f  
measurement. To date, these t e c h ~ i q u e s  have not  been incorporated i n t o  t h e  NBS TDANA because i t  i s  
used f o r  a wide v a r i e t y  o f  measurements employing many d i f f e r e n t  pu lse generators and t ime windows f rom 
100 ps t o  several ms. 

Another e f f e c t  t h a t  o f t e n  causes t im ing  problems i s  t h e  60 Hz ground currents  between the  various 
pieces o f  equipment. For ps resolut ion,  even minute ground currents  can cause not iceable degradation. 

, To extend t h e  d i r e c t  measurement performance o f  the NBS osc i l loscope above 18 GHz w i l l  requ i re  
several modi f icat ions inc lud ing:  (1) "F-A3* t ime base changes t o  reduce j i t t e r  and 60 Hz 
in ter ference,  (2) system ground 1 oop is01 at ion, and (3) incorpora t ion  o f  hardwarehoftware d r i f t  
s t a b i l i z a t i o n .  



2.3 M i l  1 imeter Wave Pulse Generator Devel opmcnt 

As noted e a r l i e r ,  the present haseband pulse generators used i n  TDANA's produce a usefu l  spectrum 
up t o  18 GHz. To extend beyond 18 GHz w i l l  probabably requ i re  t h e  use o f  the  same technique used t o  
cover the  Ku-band, namely, t h e  generation o f  a shor t  rf burst .  F igure 2.5 shows t h e  waveform and 
spectrum o f  an idea l  rf burst .  The equation f o r  t h e  waveform i s  

The spectrum amplitude, S ( f ) ,  i s  given by 

where 

Several techniques can be used t o  generate an rf burst .  NBS Tech. Note 699 discusses i n  d e t a i l  
several o f  these techniques. One technique i s  t o  gate the  output o f  a cw s ine wave generator. PIN 
diode modulators o r  double balanced mixers can be used as the  gates. 2 ns o r  slower t r a n s i t i o n  t imes 
are t y p i c a l  f o r  PIN diodes w h i l e  1 ns are t y p i c a l  f o r  double balanced mixers. Another technique t h a t  
NBS has found usefu l  f o r  generat ing h igh power, broadband, microwave rf bursts  i s  t o  shock-excite a 
h igh  power, traveling-wave tube  amp1 i f i e r  (TWTA) w i t h  an extremely narrow ( <  100 ps) baseband impulse. 
Figures 2.6 and 2.7 show t h e  waveforms obtained from C-, X-, and Ku-band TWTA's. The TWTA acts as both 
a wide bandpass f i l t e r  ( t y p i c a l l y  octave bandwidths, 2 t o  4 GHz, etc.) and a h igh gain a m p l i f i e r  (30 dB 
i s  t y p i c a l ) .  The output i s  a s h o r t  rf burs t  o f  a few rf cycles w i t h  a frequency near t h e  low end of 
the  TWTA passband. Peak power comparable t o  t h e  output power r a t i n g  o f  t h e  TWTA can be obtained. AS 
seen i n  f i gu re  2.7, broadband spectrum amplitudes o f  t h e  order o f  80 dBvVIMHz can e a s i l y  be obtained. 
The C-band TWTA output i s  use fu l  (20 dB range) from 2 t o  13 GHz. The X-band TWTA use fu l  range extends 
from 4 t o  15.5 GHz w i t h  the  except ion o f  a sharp notch a t  9.4 GHz. The Ku-band TWTA appears t o  be 
usefu l  from approximately 10 CHz t o  16 Gtlz. 

A second technique f o r  generat ing a microwave rf b u r s t  i s  t o  mount a step recovery diode w i t h i n  a 
p iece o f  waveguide [2.17,2.22]. Figures 2.8 and 2.9 show t h e  waveform and spectrum produced by the  SHF 
impulse generator recent ly  b u i l t  by NBS f o r  t h e  USAF Avionics Laboratory. The peak-to-peak amplitude 
i s  0.8 V. The center frequency i s  12.5 GHz. The l / e  dura t ion  i s  114 ns. The spectrum amplitude i s  
32 dBpV/MHz, 2 7 3  dB, from 6 t o  18 GHz. The step recovery diodes used i n  t h e  SHF impulse generator 
were the fas tes t  (60 ps) diodes commercially ava i lab le .  They could a lso  be used i n  K-band waveguide 
(RG-53lU) b u t  w i t h  reduced ou tpu t  amplitude, If necessary, the  ampli tude o f  t h i s  rf b u r s t  could be 
increased considerably us ing a h igh  power TWTA. 

Techniques other  than t h e  step-recovery (snap - o f f )  t r a n s i t i o n  may be more use fu l  a t  K-band and 
higher. Other examples are t h e  various types o f  t rans fe r red  e l e c t r o n  devices such as: avalanche, 
impatt,  t r a p e t t ,  Gunn diodes, etc. Figure 2.4 shown e a r l i e r  i s  an example. During t h e  development of 
t h e  NBS SHF impulse generator, t h e  d r i v i n g  pulse t o  t h e  wavegui de-mounted, step-recovery diode was 
inadver tan t l y  adjusted t o  exceed the  reverse breakdown vol tage o f  t h e  diode. When t h e  diode s t a r t e d  
conducting i n  t h e  reverse d i r e c t i o n ,  the 45 GHz o s c i l l a t i o n s  o f  f i g u r e  2.4 were observed. Various 
s o l i d - s t a t e  o s c i l l a t o r s  are now ava i lab le  a t  frequencies up t o  a t  l e a s t  200 GHz C2.231. Extremely fas t  
(< 100 ps) on-o f f  modulation o f  some o f  these o s c i l l a t o r s  should be poss ib le  w i t h  some modi f icat ions.  
Another idea t h a t  should be inves t iga ted  i s  the  use o f  a shor t  l a s e r  pu lse t o  t r i g g e r  on an o s c i l l a t o r  
diode. 



2.4 Heterodyne Techniques 

Heterodyne techniques have been used since t h e  e a r l i e s t  days o f  wireless. They are a 
s t ra ight forward means o f  t r a n s l a t i n g  from one frequency t o  another. Heterodyning w i l l  permi t  the  
extension of baseband pulse measurement techniques t o  m i l l i m e t e r  wavelengths. The baseband spectrum o f  
a t e s t  pulse generator can be heterodyned up t o  a h igh frequency and passed through an unknown network 
o r  mater ia l .  The response s igna l  can then be downconverted back t o  baseband f o r  subsequent measurement 
and analysis. This  sect ion w i l l  discuss t h e  advantages and disadvantages o f  various modulation 
techniques inc lud ing:  ampl i t u d e  modulation (AM), frequency modulation (FM), phase modulat ion (PM) , and 
s i n g l e  sideband (SSB). Detect ion techniques discussed include: ampl i tude detectors, both 1 i near and 
square law, frequency d iscr iminator ,  phase detector,  coherent detector,  synchronous detector ,  
phase-locked detector,  and image r e j e c t i o n  mixers. 

I n  general, a modulated s ignal  may be described as 

I n  other  words, we can modulate e i t h e r  the  amplitude [va ( t ) ] ,  t h e  frequency [ ~ ( t ) ] ,  o r  t h e  phase 
[ B ( t ) l  o r  any combination of t h e  above. The modulating s igna l  vm( t )  can be o f  any form such as 
per iod ic ,  aperiodic, s ing le  t rans ien t ,  o r  random. For t h e  purposes o f  t ime domain tes t ing ,  we w i l l  
he rea f te r  l i m i t  t h e  discussion t o  per iod ic  signals. The p e r i o d i c  s ignal  may be o f  any waveshape, 
inc lud ing:  s ine  wave, impulse, doublet, rectangular  pulse, t rapezoidal  pulse, rf burst ,  etc. Being 
per iod ic ,  it can be completely described by a Four ie r  se r ies  expansion o f  an i n f i n i t e  sum o f  sines and 
cosines. 

CO 

A. 
v ( t )  = - + C [A cos(2anf t )  + B s in(2anf  t ) ]  
m 2 n o n o 

n= 1 

where fo i s  t h e  fundamental frequency o f  t h e  per iod ic  waveform. The frequency c o e f f i c i e n t s  are 
g i  ven by 

I v m ( t )  cos ( h n f  t ) d t  
0 

0 

where T = l / fo i s  the  period. The Four ie r  ser ies can a lso  be w r i t t e n  i n  complex exponential  form. 

where 



An and Bn a re  rea l  constants wh i le  Dn i s  a complex constant. Knowing f u l l  wel l  t h a t  an 
a r b i t r a r y ,  pe r iod ic  t e s t  s i g n i l  can be represented by a ser ies o f  sines and cosines, we w i l l  h e r e a f t e r  
l i m i t  t h e  discussion t o  a s i n g l e  term i n  t h e  Four ie r  series. Add i t i ona l  terms w i l l  be added i n  a r e a l  
s i t u a t i o n  b u t  would only  serve t o  confuse t h e  f o l l o w i n g  discussion. 

2.4.1 Amplitude l lodulat ion - Double Sideband 

Amp1 i t u d e  modulation (AM) can be represented as shown i n  f i g u r e  2.10. This t ype  o f  modulation may 
be described by the equations: 

v ( t )  = V [l + m cos (w t ) ]  
m m m 

(2.13) 

where m i s  the  modulation index and k i  i s  the  i t h  mixer constant ( i  = 1 f o r  t h e  above). 

v ( t )  rf -- m m - cos (wet) + 2 COS (wtt) + 2 COS (W t )  
k lVoVc U 

w = w  - w  a n d w  = w  + w  . 
R c m U C m  

This  leads t o  the c l a s s i c a l  r e s u l t  w i t h  AM t h a t  t h e  modulation o f  a s i n g l e  c a r r i e r  frequency, wc, 
by a s i n g l e  modulation frequency, qn, creates two sideband frequencies spaced qn above and below 
t h e  c a r r i e r  frequency. The c a r r i e r  frequency, w,, term can be considered t h e  same as the  dc term. 
For f u r t h e r  Four ier  analysis, i t  can be dropped. Actual ly ,  i f  a double balanced mixer  i s  used, t h e  dc 
component of the  modulation i s  removed, and m i s  se t  t o  1, then t h e  c a r r i e r  w i l l  be suppressed and t h e  
output w i l l  on ly  consis t  o f  two sidebands (DSB). Thus eq (2.14) becomes: 

v rf ( t )  = klVm cos(wmt) VC cos(wCt) 

'm ' c  
v r f ( t )  = kl - 2 

Ccos (wRt) + cos ((,Jut)] 

I f  t h e  rf t e s t  s ignal  i s  then passed through an unknown network, H(w), the  output  i s  given by 

Vo(w) = H(w) V (w). 
rf 

(2.17) 

I n  general, t h e  network t r a n s f e r  func t ion  i s  frequency dependent and i s  n o t  symmetrical about q. 
Although we are concerned w i t h  measuring networks o r  mater ia ls ,  t h i s  same problem ar i ses  i n  short-wave 
r a d i o  communication. There, t h e  ionosphere creates s e l e c t i v e  f a d i n g  which can cause severe d i s t o r t i o n  
o f  the  received signal.  I n  general, the  r e l a t i v e  amplitudes and phases o f  the  two sidebands w i l l  be 
a l tered,  b u t  not  i n  the same way f o r  each sideband. Thus, the  output  equation must r e f l e c t  t h i s  
e f f e c t .  



v ( t )  = 
kl "m "c 

[HR cos ( W  t + bR) + H cos (wut + dR) l .  (2.18) 
0 2 R u 

A f te r  some mathematical manipulation, t h i s  can be expressed i n  t h e  form 

where 

2 2 
1 I L  

= [ ( H ~  COS dU - H cos d ) + (H s i n  du + He s i n  b,)] (2 2 0 )  
R R U 

and 

H s i n  b + H s i n  d 
-1 u u R R 

= t a n  1 (2.21) 
*u&m [ H cos b - H cos d 

u u R R 

An important conclusion t o  note from the  above i s  t h a t  i n  general we have two measurable quan t i t i es ,  
namely HuRm and $ugm, bu t  they are funct ions o f  f o u r  unknown var iab les,  namely, HU, du, 
Ha, and dE. 

The next quest ion t h a t  needs t o  be addressed i s  the  de tec t ion  o f  t h e  rf signal. The simplest 
technique i s  the  diode envelope detector  ( f i g .  2.11). The diode de tec to r ' s  output i s  propor t ional  on ly  
t o  the  envelope amplitude o f  the  rf signal.  

A nonl inear  element, t y p i c a l l y  a semiconductor diode, i s  used t o  perform the de tec t ion  process. 
For la rge  s ignal  l eve ls ,  the  diode output  i s  l i n e a r  (p = 1). For low l e v e l  signals, t h e  detected 
output  t y p i c a l l y  f o l l o w s  t h e  square law (p = 2). However, i n  p rac t i ce ,  ne i the r  the  t r u l y  l i n e a r  nor 
the  square law de tec to r  i s  r e a l l y  achieved. With a proper choice o f  i n p u t  l e v e l  and c i r c u i t  constants, 
t h e  idea l  condi t ions can be approached c losely .  

The AM (DSB) s igna l  invo lves f o u r  unknowns, and the  simple diode detector  gives o n l y  one measurable 
parameter. Thus the  use o f  AM ( o r  DSB) and a d iode de tec to r  i s  n o t  the  proper choice f o r  rf hetero- 
dyned network measurements. 

The synchronous detector  ( f i g .  2.12) i s  a de tec t ion  scheme t h a t  permits the  measurement of both 
t h e  amplitude and phase o f  an rf signal.  Examination o f  f i g u r e  2.12 shows t h a t  a synchronous detector  
i s  simply a heterodyne mixer f e d  w i t h  a l o c a l  osc i  1 l a t o r  i d e n t i c a l  i n  frequency t o  the  incoming rf 
s ignal .  For t h e  s i t u a t i o n  shown i n  f i g u r e  2.12, t h e  de tec to r  output,  vsd, i s  

v ( t )  = k v ( t )  VRo cos ( W  t )  (2.23) 
s d 2 o c 

When eq (2.18) i s  used f o r  vo ( t ) ,  vsd i s  found t o  con ta in  terms a t  frequencies yn and 
2 wc 5 yn. The low pass f i l t e r  r e j e c t s  the  2% + w,,, terms w i t h  t h e  r e s u l t  t h a t  vsd i s  
given by 



v ( t ) =  
kl k2VmVcV~o 

4 [H cos (wmt + Bu) + HE COS (wmt - 8,)l sd u 

Thus, t h e  amplitude and phase in format ion o f  Hw have been d i r e c t l y  t rans la ted  from rf frequencies 
t o  baseband frequencies. From eq (2.24) we can w r i t e  two equations (amp1 i t u d e  and phase o f  t h e  
modulation frequency, q,,), b u t  they s t i l l  i nvo lve  f o u r  unknowns, HE, BL, Hu, and 8,. 

What i s  r e a l l y  needed i s  some technique f o r  s e l e c t i v e l y  removing one o f  the  sidebands and then 
measuring t h e  network response t o  the remaining sideband. This could be done by b ru te  fo rce  f i l t e r i n g  
of the generated DSB s igna l .  However, the requirements imposed on the  f i l t e r  would be q u i t e  s t r ingen t .  
Also, new f i l t e r s  would be requ i red  each t ime one wished t o  move the c a r r i e r  frequency. 

Another technique t h a t  can be used t o  separate t h e  in fo rmat ion  f rom the  two sidebands i s  t o  deal 
w i t h  the  quadrature nature o f  a DSB signal.  Consider again t h e  DSR case described e a r l i e r  i n  
eqs (2.15-2.18). Equation (2.18) can be r e w r i t t e n  i n  t h e  form 

v ( t )  = v i ( t )  cos(wct) - v ( t )  s i n  (wet). 
0 

(2.25) 
9 

v i  ( t )  and vq( t )  are t h e  "in-phase" and "quadrature" components, respect ive ly ,  o f  v o ( t ) .  They 
are given by 

klVmVc 
v ( t )  = -7- [HU sin(wmt + fiu) - HE s in(w t - BE)] . 

m 
(2.27) 

q 

V i  and vq can be detected independently i f  two synchronous detectors  are used as shown i n  
f i g u r e  2.13. Note t h a t  t h e  LO phase f o r  the  quadrature de tec to r  i s  s h i f t e d  by 900. The in-phase 
detector  i s  t h e  same as shown i n  f i g u r e  2.12 and described by eqs (2.23) and (2.24). v i d ( t )  i s  
vsd( t )  as given by eq (2.24). 

The quadrature detector ou tpu t  i s  given by 

A f t e r  t h e  2wc terms are f i l t e r e d  out, t h i s  reduces t o  

v ( t )  = 112 k3 VE0 vq( t ) .  
qd 

We now have two waveforms f rom which we can measure two separate magnitudes and phases. A l l  t h a t  
remains i s  t o  f i n d  a mathematical separat ion t o  e x t r a c t  the  f o u r  unknowns (HR, dR, Hu, and 
4,) from v j d  and vqd(t). 

The H i l b e r t  t ransform [2.24,2.25] provides the  key t o  unlock ing t h e  puzzle. The H i l b e r t  transform 
;(t) o f  a s igna l  x ( t )  i s  g iven by the p r i n c i p a l  value o f  the  f o l l o w i n g  equation: 

-11- 



x ( t )  i s  the convolut ion o f  x ( t )  w i t h  l/t. The H i l b e r t  t ransform can be thought o f  as a network 
tha! phase-2hifts t h e  p o s i t i v e  frequencies by -900 and the  negative, by 900. The Four ier  transform 
of x ( t )  i s  X ( f )  and i s  r e l a t e d  t o  x ( t )  and X ( f )  by 

A 

X(F) = - j ( sgn  f )  X(f) .  (2.32) 

For example, i f  

x ( t )  = cos(&), then x ( t )  = s in (&)  (2.33) 

o r  i f  

A 

x ( t )  = s i n ( & ) ,  then x ( t )  = -cos(wt). 

Applying these r e s u l t s  t o  t h e  detected i and q signals, we can w r i t e  vqd( t )  as 

A 1 
v ( t )  = H[V ( t ) ]  = - k k v v v C-H cos(wmt + du) + H~ C O S ( U ~ ~  - dR)I.  (2.35) 
q d qd 4 1 3 m c R o  u 

I f  the  two detector  mixers are i d e n t i c a l  

* 
then the  sums and d i f ferences Vid + vqd w i l l  g i ve  t h e  separated lower and upper sideband 
components. 

A 1 v ( t )  = vid(t) + v ( t )  = ( - k k V V V ) H cos (w t - Rd qd 2 l d m c R o  R m 'a) 
(2.37) 

Equations (2.37) and (2.38) were t h e  sought f o r  resu l t s .  They show t h a t  we can use DSB i f  we use 
an I and Q synchronous detector  and f u r t h e r  process t h e  quadrature component us ing the  H i l b e r t  
transforme v i d ( t )  and l q d ( t )  can be measured d i r e c t l y  by a TDANA sampling osci l loscope. Then, 
t h e  H i l b e r t  transform, vqd(t) ,  and the  sums and d i f fe rences  v i d ( t )  5 i+q(t) can be 
performed by t h e  TDANA minicomputer. It i s  a lso  poss ib le  t o  perform these operat ions i n  an analog 
fashion us ing quadrature hybr ids and power dividers/combiners. An I and Q synchronous de tec to r  w i t h  
these add i t i ona l  components i s  c a l l e d  an image r e j e c t i o n  mixer C2 261. 

The envelope func t ion ,  ved, can a lso be expressed i n  terms o f  the I & Q components. 

Figure 2.14 shows a proposed heterodyne TDANA. It uses DSB s ignal  generat ion and synchronous I 
and Q detect ion. The minicomputer i s  used t o  perform t h e  necessary H i l b e r t  transform. The major 



bandwidth 1 i m i t a t i o n  i n  t h i s  scheme i s  the ava i lab le  i-f bandwidth o f  t h e  double balanced microwave 
mixers. DC t o  4 GHz appears t o  be the  s tate-of - the-ar t  a t  present C2.261. With t h i s  setup, a s i n g l e  
TOANA measurement w i l l  y i e l d  data over an 8 GHz frequency span (fc 5 4 GHz). I f  a 10 ns t ime window 
i s  used, then t h e  frequency spacing o f  the r e s u l t a n t  data would be 100 MHz. 

2.4.2 Amp1 i t u d c  Flodulation - Single Sideband 

AS we l l  as using OSB, one should also consider using s ing le  sideband (SSR). The b r u t e  fo rce  
f i l t e r i n g  technique o f  SSR generat ion was mentioned e a r l i e r  and dismissed as impract ica l  f o r  t h i s  
app l i ca t ion .  SSB can also be generated using t h e  phasing technique C2.24-2.291. It i s  more adaptable 
t o  the  requirement o f  moving t h e  c a r r i e r  frequency. F igure 2.15 shows a block diagram f o r  a phasing 
SS6 generator. The output o f  modulator A i s  

v ( t )  = kV cos (w t )  V cos (w t ) .  
ao m m c c 

Modulator 8 i s  assuned t o  be i d e n t i c a l  t o  A, and i t s  output  i s  g iven by 

v ( t )  = kV cos (w t - 
bo m m 

The output o f  t h e  summer i s  t h e  lower  sideband. 

v ( t )  = v  ( t )  + v b o ( t )  = k V V  c o s [ ( w  - 
Rsb ao c m c 

If one of the  900 phase s h i f t  networks i s  moved t o  modulator A, then one obtains the  upper 
sideband. 

v ( t )  = kVcVmsin [(w + um)t]. 
usb c 

The above r e s u l t s ,  however, are pure ly  t h e o r e t i c a l .  I n  p rac t i ce ,  one never achieves perfect 
sideband suppression due t o  s l i g h t  va r ia t ions  i n  t h e  various components used. The most d i f f i c u l t  
parameters t o  mainta in  are t h e  900 phase s h i f t  networks. Pappenfus C2.271 has der ived formulas f o r  
t h e  sideband suppression as a f u n c t i o n  o f  the  amplitude and phase imbalance. 0.50 imbalance i n  
e i t h e r  the  c a r r i e r  o r  modulation w i l l  r e s u l t  i n  47 dB sideband suppression. 20 gives 35 dB and 5O 
gives 27 dB. Likewise, 0.1 dB ampli tude imbalance r e s u l t s  i n  46 dB sideband suppression. 0.5 dB gives 
31 dB and 1.0 dB gives 25 dB. Imperfect sideband suppression d i r e c t l y  in t roduces e r r o r s  i n t o  any 
heterodyne measurements. They become p a r t i c u l @ r l y  serious when measuring a network w i t h  a sharp 
c u t o f f ,  such as a bandpass f i l t e r .  

To receive t h e  SSB s ignal  and downconvert i t  t o  baseband, a synchronous detector  should be used. 
I f  an image r e j e c t i o n  mixer i s  used, add i t i ona l  suppression o f  t h e  unwanted sideband i s  obtained. The 
image r e j e c t i o n  mixer i s  simply another phasing SSB generator operated i n  reverse. 

F igure 2.16 shows a proposed SSB TDANA. For t h e  purposes o f  broadband TDANA measurements, i t  i s  
des i rab le  t o  use a baseband frequency range t h a t  i s  as wide as possible. There are several c o n f l i c t i n g  
requirements, however. The major one i s  the  bandwidth o f  t h e  900 phase s h i f t  networks. Most 
quadrature (900) hybr ids t y p i c a l l y  have a bandwidth o f  one octave. There are some broadband 
quadrature hybr ids t h a t  span severa l  octaves, bu t  t h e i r  phase and ampli tude spec i f i ca t ions  are r a t h e r  
loose. Another considerat ion i s  t h e  i - f  bandwidth o f  the  double balanced mixers (DBM). Most DBM's 
t y p i c a l l y  have i - f  bandwidths o f  dc up t o  1 GHz. Some are a v a i l a b l e  w i t h  i - f  bandwidths up t o  4 GHz. 
I n  l i g h t  o f  these fac to rs  and t h e  sampling osc i l loscope and pulse generator l i m i t a t i o n s ,  i t  appears 
t h a t  an i - f  frequency o f  1 t o  4 GHz would be optimum. Baseband frequencies l e s s  than 1 GHz w i l l  have 
t o  be s a c r i f i c e d  i n  t h i s  arrangement due t o  t h e  poor low frequency performance o f  t h e  quadrature 
hybrids. With t h i s  Setup, a s i n g l e  TDANA measurement would y i e l d  data over  a 3 GHz frequency span. 
Again, i f  a 10 ns t ime window i s  used, the  frequency spacing o f  t h e  r e s u l t a n t  data would be 100 MHz. 



Figures 2.14 and 2.16 are two proposed heterodyne TDAMA1s. It i s  no t  c l e a r  a t  t h i s  t ime which 
system w i l l  g ive super ior  resu l t s .  Addi t ional  study w i l l  be requi red before a conclusion can be 
reached. It i s  a lso  poss ib le  t h a t  a hybr id  system may o f f e r  add i t i ona l  advantages. The h y b r i d  would 
consis t  o f  an SSB generator and t h e  synchronous I and Q detectors  w i t h  minicomputer H i l b e r t  t rans-  
formation. 

2.4.3 Phase Angle Modulat ion 

So f a r  i n  t h i s  sec t ion  we have only  discussed various forms o f  ampli tude modulation. The o ther  
important modulation technique i s  angle modulation, e i t h e r  frequency modulation (FM) o r  phase 
modulation (PM). There i s  e s s e n t i a l l y  no d i f fe rence  between FM and PM because the instantaneous 
frequency wi i s  t h e  d e r i v a t i v e  o f  the  phase. 

o r  conversely, the phase i s  the i n t e g r a l  o f  the  frequency 

Phase modulation can be represented as shown i n  f i g u r e  2.17 f o r  t h e  elementary case o f  single-tone 
modulation. 

v ( t )  = Vc c0sCwct + d(ht ) l  
P m 

$,(t) = Bd s i n  (w t). m 

$d i s  the  modulation index. For t h i s  simple case 

v ( t )  = V cos [w t + C s i n  (w t ) l  
Pm C c d m 

I t i s  e a s i l y  shown C2.25, a lso  2.24, 2.28, and 2.291 t h a t  vpm(t) i s  p e r i o d i c  and may be expressed 
i n  a Four ier  se r ies  as 

Th is  funct ion Jn(dd) i s  t h e  n t h  order Bessel func t ion  o f  t h e  f i r s t  kind. 

Thus i n  sharp const rast  t o  t h e  AM case where s i n g l e  tone modulation created two sideband 
frequencies, PM ( o r  FM) creates an i n f i n i t e  number o f  sideband frequencies. I n  actual p rac t i ce ,  t h e  
Bessel func t ions  are damped out  f o r  l a r g e  arguments so t h a t  the re  are o n l y  a f i n i t e  number o f  
s i g n i f i c a n t  sidebands, Nevertheless, i f  we attempt t o  measure an unknown network o r  mate r ia l  w i t h  a Pbl 
o r  FM t e s t  s ignal ,  we end up rece iv ing  a response s igna l  w i t h  many more unknowns than we have 
measurable quan t i t i es .  

The e f f e c t s  o f  the  transmission o f  a PM o r  FM s ignal  through a l i n e a r  network have been 
mathematical ly analyzed 12.241. Complete bu t  extremely invo lved  so lu t ions  can be obtained which 
requ i re  computer ca lcu la t ion .  Approximations can be made us ing  t h e  "quasis tat ionary"  method E2.241. 
Extreme care must be exercised i n  t h e  use o f  t h i s  method because d ivergent  ser ies a re  t h e  t y p i c a l  
output.  It i s  most usefu l  when t h e  transmission c h a r a c t e r i s t i c s  vary i n  a simple manner. 



Brown has used PM i n  a TDANA t o  measure t h e  c h a r a c t e r i s t i c s  o f  m i l l i m e t e r  waveguides C2.301. 
However, i t  i s  the  opin icn o f  t h i s  author t h a t  PM and FM are not  v a l i d  modulation techniques for  
performing heterodyned TDANA measurements. This  i s  due t o  the  i n f i n i t e  number o f  sideband frequencies 
associated w i t h  Plrl and FM. This  does no t  mean t h a t  PM and FM are o f  no value. They are extremely 
useful modulation techniques f o r  communication purposes. 

2.4.4 Recommendations 
I 

It i s  t h e  recommendation o f  t h i s  author t h a t  the  most promising technique f o r  TDANA measurements 
i n  the  m i l l i m e t e r  wave reg ion  i s  the pulse heterodyne method. The d i f ferences between DSB w i t h  I and Q 
synchronous detectors and SSB w i t h  an image r e j e c t i o n  mixer need f u r t h e r  de ta i led  study. 
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Figure  2.2.  R iad ' s  computed impulse response of the "A-A" Sampler. 



-4 0 

100 MHz 1 GHz 10 GHz 100 GHz 

Figure  2 . 3 .  Riad ' s  computed frequency response of t h e  "A-A" Sampler. 



F i g u r e  2.4.  45 GHz s i n e  wave observed o n a n  "A-B" sampler.  



Figure 2.5. Waveform and spectrum of an ideal RF burst. 



Figure  2.6. Impulse response of TWTAs. V e r t i c a l :  10 V/div. except  
( a )  which is 3.2 V/div. Horizontal :  200 ps d iv .  ( a )  NBS 

SRD impulse genera tor  (SN 3-75-3) used a s  i npu t  t o  TWTA. 
(b)  C band, 30 dB, 10 W TWTA. Input  impulse a t t enua t ed  
15 dB. ( c )  X band, 30 dB, 20 W TWTA. Input  impulse 
a t tenuated  1 6  dB .  (d )  Ku band, 30 dB, 20 W TWTA. 
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Figure 2.7. Spectrum amplitudes of TWTA impulse responses. 
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Figure 2.8. SHF impulse generator pulse output waveform. 
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Figure  2 .9 .  SHF impulse  g e n e r a t o r  r f  p u l s e  o u t p u t  spectrum. 
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Figure 2,10. Amplitude modulation. 



Figure 2.11, Simple diode envelope detector, 
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Figure 2.12. Synchronous detec tor  used with DSB generator. 



Figure 2.13. I & Q synchronous detector used with DSB generator. 
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Figure  2.15. Phasing type SSB generator .  





Figure 2.17. Phase modulation. 



3. IMPROVEMENT OF PICOSECOND-DOMAIN SAMPLING HEADS 

N. S. Hahnan 

3.1 In t roduc t ion  

For t ime domain measurements o f  r e p e t i t i v e  1 ow-level mi 11 i vol t s igna ls  w i t h  picosecond-domai n 
r e s o l u t i o n  ( tens o f  gigahertz bandwidth), sampling osc i l loscopes are used. The temporal r e s o l u t i o n  i s  
fundamentally establ ished i n  the  sampling gate s t r u c t u r e  (i.e., sampling head) and depends upon both 
t h e  network and the  ga t ing  p roper t ies  o f  the  components comprising t h e  sampling head. Also, f u l l  
u t i l i z a t i o n  o f  the  inherent  sampl ing-head step response o r  temporal r e s o l u t i o n  requi res low noise 
( j i t t e r )  e l e c t r o n i c  c i r c u i t s  which con t ro l  the t ime pos i t i ons  o f  the  sampling sequence because t ime 
base noise introduces a bandwidth 1 i m i t a t i o n  t o  t h e  sampling process C3.11. Automatic pu lse 
measurement systems can minimize the  e f f e c t s  o f  t ime base noise and a lso  provide s ignal  processing t o  
enhance the s ignal - to-noise r a t i o  [3.2,3.3]. 

However, p resen t l y  a v a i l a b l e  sampling heads possess several 1 im i ta t ions ;  f o r  example, t h e i r  
dynamic range i s  l i m i t e d  t o  s ignal  l e v e l s  o f  2 1 V. Also, a t  t h e  i n s t a n t  o f  sampling, a spurious 
strobe-kickout s ignal  ( o f  several m i l  1 i v o l t s  i n  amp1 i tude and several nanoseconds i n  durat ion)  emanates 
from t h e  s ignal  i n p u t  p o r t  due t o  s l i g h t  sampling br idge (gate)  imbalances. 

Recently, a new concept has been introduced which has promise t o  prov ide improvements i n  
sampling-gate technology C3.41. The new concept i s  an o p t i c a l l y  strobed (switched) photoconductive 
sampling gate. This  type o f  gate e l iminates the  problems o f  the  2 1 V dynamic range and 
strobe-kickout.  

I n  p-E t ime domain spectroscopy, the  e x c i t a t i o n  o r  probing s ignal  m s t  possess a spect ra l  
amplitude whose st rengths are great  enough t o  prov ide response s ignal  sp 9 c t r a l  components i n  t h e  tens 
of gigahertz range. There are two interconnected ways t o  v i s u a l i z e  t h e  e x c i t a t i o n  s ignals .  They are 
interconnected because, i n  pract ice,  features of both views a re  necessar i ly  present ( f i g .  3.1). On t h e  
one hand, a s u i t a b l e  probing s igna l  would be an impulse o f  s u i t a b l e  strength, i .e., one whose i n t e g r a l  
o r  area i s  l a r g e  enough ( f i g .  3.la) [3.5]. Here t h e  s igna l  possesses a very shor t  du ra t ion  
(picoseconds) t o  insure  t h a t  t h e  requi red g iagher tz  components a re  present. On the  o ther  hand, a 
su i tab le  probing s ignal  could be a pulse o f  non-zero dura t ion  and a s u i t a b l e  peak value ( f i g .  3.lb). 
For  example, an impulse o f  s t reng th  S would prov ide a constant spectrum amplitude o f  value S 
( f i g .  3.la). If t h e  h ighest  spect ra l  component o f  i n t e r e s t  must have a t  l e a s t  a s t rength o f  S, then a 
rectangular  pu lse o f  area AT > S could be used ( f i g .  3.lb). Because t h e  theore t i ca l  impulse func t ion  
cannot be physical 1 y real ized, non-zero durat ion, f i  nite-magni tude pulses a re  always encountered i n  
pract ice.  Consequently, i f  t h e  output magnitude o f  a given pulse generator could be increased by a 
f a c t o r  o f  10, the  spect ra l  ampli tude would a lso  increase by t h e  same f a c t o r  (20 dB). 

With regard t o  t h e  dynamic range o f  present ly  a v a i l a b l e  sampling heads, s tate-of - the-ar t  pu lse 
generators are a v a i l a b l e  which do exceed t h e  2 1 V dynamic range. For example, t h e  impuls ive generator 
sect ion o f  the  NBS SHF pulse generator (de l i ve red  t o  t h e  USAF Avionics Laboratory f o r  p-E TD 
spectroscopy app l i ca t ions )  has a b u i l t - i n  10 dB at tenuator  t o  reduce the  magnitude o f  t h e  impuls ive 
output  so t h a t  i t  does no t  exceed t h e  sampling head dynamic range. Futhermore, the  dynamic range o f  
such sampling heads undergoes compression i f  t h e  d i s p l a y  i s  o f f s e t  by 1 V t o  take advantage o f  the 2 V 
range provided by the  2 1 V spec i f i ca t ion .  Typical observed compression c h a r a c t e r i s t i c s  f o r  a 10 GHz 
sinewave are shown i n  f i g u r e  3.2 C3.61. 

3.2 P r i n c i p l e s  o f  Operation f o r  Sampling (Osci 1 loscope) Heads 

The sampling gate of a sampling osc i l loscope can be represented by t h e  equiva lent  c i r c u i t  o f  
f i gu re  3.3. The unknown s igna l  t o  be measured i s  represented by v i n ( t )  where t represents r e a l  
time. The sampling gate i s  the  va r iab le  r e s i s t o r  represented by t h e  conductance funct ion,  g ( t ) .  A 
strobe, s ( t ,  r ) from t h e  osc i l loscope t ime base c o n t r o l s  t h e  sampling gate conductance. The i n s t a n t  o f  
sampling i s  represented by the va r iab le  T. For the  t ime p r i o r  t o  T, t h e  gate i s  closed, i .e., g = 0. 
At t = T, t h e  s t robe opens the  gate a l low ing  current ,  iS ( t ,T ) ,  t o  f low. This current  deposi ts  charge 
on t h e  sampling capaci tor ,  Cs. When the  gate i s  again closed, a dc voltage, VS, remains on C 
t h a t  i s  propor t ional  t o  XII average o f  t h e  s i g n a l  i n p u t  over the  d u r a t i o n  o f  sampling. Vs i s  ?hen 

measured by a h i g h  impedance vo l tmeter  and d isp layed on t h e  cathode r a y  tube (cRT) screen as a s i n g l e  do t  



A s i n g l e  sample i s  taken o f  the  inpu t  waveform each t ime t h e  waveform recurs. The t ime base 
automat ica l ly  increments T by a small amount AT a f t e r  each recurrence so t h a t  the  waveform i s  
successively sampled a t  a  d i f f e r e n t  po in t  each t ime i t  recurs. The o r i g i n a l  waveform, v i n ( t ) ,  i s  
thus converted t o  an equiva lent  waveform, V,(T), t h a t  i s ,  s t re tched i n t o  an equiva lent  t ime 
var iab le  r. 

The above discussion can be,expressed mathematically. The sampling gate conductance i s  assumed t o  
be propor t ional  t o  the  s t robe s igna l  and always o f  t h e  same waveshape f o r  each occurrence ( f i g .  3.4). 

where k i s  constant. I f  the  durat ion,  ts, o f  t h e  s t robe pulse i s  much l e s s  than t h e  minimum 
c i r c u i t  t ime constant, CS/gmax, then Cs can be considered t o  be a s h o r t - c i r c u i t  du r ing  t h e  
sampling i n t e r v a l ,  ts. The sampling current ,  is, i s  thus given by 

Assuming a p e r f e c t  gate i n  t h e  closed condi t ion,  then 

i ( t , ~ )  = 0, f o r t  < T and t > T + t . 
s S 

The sampling capacitor,  Cs, a c t s  as an i n t e g r a t o r  such t h a t  the dc sampled voltage, Vs, i s  

S u b s t i t u t i n g  eq (3.2) i n t o  eq (3.4) gives 

For t h e  specia l  case when g ( t )  i s  a  t r u e  impulse, t h e  V s  i s  an exact representat ion of vin. 
A t r u e  impulse ga t ing  func t ion  i s  the  idea l  s i t u a t i o n  and i s  sought a f t e r  by sampling gate designers. 
I n  actual  p rac t i ce ,  an impulse ga t ing  func t ion  can on ly  be approximated. Equation (3.5) i s  i n  t h e  form 
o f  the  c o r r e l a t i o n  i n t e g r a l  ; Vs i s  the  cross Gor re la t ion  o f  v i n  and g. I f  g ( t )  i s  an even 
funct ion,  then eq (3.5) can a l s o  be considered t o  be t h e  convolut ion i n t e g r a l .  For t h i s  analysis, we 
w i l l  consider t h e  more general case o f  cross co r re la t ion .  

As an example, consider t h e  case shown i n  f i g u r e  3.4 where s ( t  - T), and hence g ( t  - r ) ,  i s  an 
exponential  pu lse beginning a t  t = r. 

g ( t  - T) = G exp [ - ( t  - T)/u] u ( t  - T). 
0 

(3.6) 

Here u ( t  - T )  represents the  u n i t  step func t ion  beginning a t  t = T. The i n p u t  s ignal  i s  assumed t o  
be a rectangular  pu lse of d u r a t i o n  tw and s t a r t i n g  a t  to; 

v ( t )  = V,,[u(t = t o )  - u ( t  - to - t w ) l .  
i n  

S u b s t i t u t i n g  eqs (3.6) and (3.7) i n t o  eq (3.5) and i n t e g r a t i n g  g ives t h e  r e s u l t  
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v S ( r )  = Ts exp [ ( r  - t O ) / o l ,  f o r  T < to 

- 1 - e x p [ ( ~ - t  -t ) l o ]  o w  
VS(T) = V , f o r  to < T < ( t o  + t w )  

s 1-exp(-tw/o) 

V (7) = 0, f o r  T > ( t o  + t ) * 

S W 

where 

- VoGoa 
v = -  [ I -exp (-tw/u) I 

Cs 

Equations (3.8)-(3.10) are shown as the bottom curve o f  f i g u r e  3.4. 

The sampler impulse response i s  obtained by a l low ing  t h e  pulse dura t ion  tw t o  apporoach zero i n  
which case eq (3.9) goes t o  zero. The impulse response waveform i s  thus simply the m i r r o r  image of t h e  
sampling gate conductance func t ion  waveform. 

The sampler step response i s  obtained i n  a s i m i l a r  manner. I n  t h i s  case, tw i s  al lowed t o  
approach i n f i n i t y :  

V S ( r )  = $(step)exp[(r- tO/o],  f o r  T < to (3.12) 

- 
V ( T )  = V (s tep)  = VoGou/Cs, f o r  t . (3.13) 

S S 

The sampling e f f i c i e n c y  o f  the  gate i s  def ined as 

- 
Vs(step) Goo 

r l =  - -  - 
0 Cs ' 



3.3 Presently Avai lab le Devices f o r  Sampling Gates 

The actual  sampling gate va r iab le  conductance g ( t )  can be one o f  several d i f f e r e n t  components 
C3.21. A t  low frequencies i n  t h e  k i l o h e r t z  and megahertz region, vacuum tubes, diodes, and 
t r a n s i s t o r s  o r  FET's are used. I n  the gigahertz and subnanosecond region, commercial sampling 
osc i l loscopes use balanced d iode bridges i n  2, 4, o r  6 diode con f igu ra t ions  C3.71. The diodes are 
normally reverse biased. Upon command o f  the  t ime base, a balanced se t  o f  strobe pulse generators 
produce narrow voltage impul ses' large enough t o  forward b ias  a l l  o f  t h e  diodes. This  has t h e  effect of 
a switch momentarily connecting t h e  signal i npu t  t o  the  sampling capaci tor ,  Cs. The dynamic range of 
the  fast  diode sampling gates i s  l i m i t e d  by the low reverse vo l tage breakdown o f  t h e  diodes and t h e  
forward contact  po ten t ia l .  Severe waveform d i s t o r t i o n  occurs when t h e  i n p u t  signal i s  l a r g e  enough t o  
cause a diode t o  conduct w i thou t  being strobed. E l e c t r i c a l  s t robe k ickou t  i s  caused by s l i g h t  
imbalances i n  t h e  strobe generators and the  b r idge  c i r c u i t .  

3.4 O p t i c a l l y  Strobed Sampling Gate 

An a l t e r n a t e  sampling technique i s  an o p t i c a l l y  strobed sampling gate. The sampling gate, g ( t ) ,  
i n  f i gu re  3.1 i s  a photoconductor which i s  i l l u m i n a t e d  by an o p t i c a l  s t robe impulse, s(t ,c).  The t ime 
r e s o l u t i o n  achievable w i t h  such a sampling device i s  determined by t h e  durat ion o f  t h e  o p t i c a l  impulse 
and the  f ree-car r ie r  l i f e t i m e  of the  photoconductor. Opt ica l  pu lse durat ions o f  l ess  than one 
picosecond have been achieved w i t h  a mode-locked dye l a s e r  C3.81, and f r e e - c a r r i e r  l i f e t i m e s  as shor t  
as 50 ps o r  l e s s  have been demonstrated w i t h  GaAs C3.91. 

This t ype  of sampling dev ice has the advantage t h a t  t h e  s t robe impulse energy i s  o p t i c a l  and, 
therefore,  t h e  sampled vo l tage w i l l  be f r e e  from er ro rs ,  normally found i n  t h e  e l e c t r i c a l l y  operated 
sampling gate, which are associated w i t h  the feedthrough o f  the  s t robe  impulse t o  t h e  sampling 
capacitor.  Likewise, there i s  no k ickout  o f  the  strobe. Also, t h e  maximum permiss ib le  vo l tage of t h e  
waveform t o  be measured can be much greater than i s  the  case w i t h  conventional sampling osci l loscopes, 
t h e  dynamic range being 1 i m i t e d  on ly  by voltage breakdown o f  t h e  photoconductor. I n  add i t i on ,  t h e  
1 inear  V - I  c h a r a c t e r i s t i c  o f  a photoconductor e l im ina tes  the  d i s t o r t i o n  e r r o r s  found i n  an o rd inary  
sampling gate caused by diode non l inear i t i es .  

3.5 Summary 

To date, i t  has been demonstrated C3.,41 t h a t  i t  i s  f e a s i b l e  t o  use an o p t i c a l l y  strobed 
photoconductor t o  sample f a s t  t r a n s i t i o n ,  r e p e t i t i v e ,  e l e c t r i c a l  t rans ien ts .  Sampling t e s t s  have been 
made on step-1 i k e  and impuls ive waveforms. These t e s t s  i n d i c a t e  t h a t  an o p t i c a l l y  strobed, 
photoconductive gate i s  a promis ing technique f o r  t h e  measurement o f  f a s t  t r a n s i t i o n  waveforms and i s  
not  l i m i t e d  t o  the  measurement o f  low voltage pulses, as are present sampling gates. Improvements i n  
s e n s i t i v i t y  and i n  t r a n s i t i o n  dura t ion  ( r i se t ime)  can be expected w i t h  t h e  a p p l i c a t i o n  o f  the  
h i  gh-power picosecond dura t ion  o p t i c a l  pulses t h a t  are p resen t l y  avai lab1 e. 
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Figure 3.la. An impulse, 6(t). 

Figure 3.lb. A rectangular pulse. 
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Figure 3.3. Sampling gate equivalent circuit. 
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Figure  3.4. Sampling g a t e  pu l se  response  waveforms. 



4. CORRELATION MEASUREMENT SYSTEMS USING NOISE SIGNAL SOURCES 

R. A. Lawton and N. S. Nahman 

4.1 In t roduc t ion  

The t ime domain automatic network analyzer discussed i n  Chapter 2  employs a computer-control led 
sampling osc i l loscope t o  acqui re t h e  signal pulse waveforms which are, f o r  the  most par t ,  de te rmin is t i c  
(not s tochast ic)  signals. The sampling process (equiva lent  t ime sampling) i s  mathematical ly described 
by t h e  t ime i n t e g r a l  o f  the product  between the  sampling pulse ( t r a i n )  and the  s igna l  C4.11. I n  t h i s  
chapter, a  c o r r e l a t i o n  measurement system w i l l  be discussed w i t h  the  e x c i t a t i o n  and response s ignals  
being s tochast ic  signals. The e x c i t a t i o n  source i s  a  noise generator; conseqyently, i t  has a 
randomly vary ing waveform which can be character ized i n  terms o f  s t a t i s t i c a l  measures and c o r r e l a t i o n  
proper t ies.  

4.2 Cor re la t ion  Functions 

Sampling and c o r r e l a t i o n  measurements have the  same mathematical descr ip t ion,  b u t  they a r e  
b a s i c a l l y  implemented by e n t i r e l y  d i f f e r e n t  methods C4.21. The sampl i n g  method uses a swi tch ing o r  
ga t ing  network,l wh i le  c o r r e l a t i o n  i n  the  picosecond region o f  the  t ime domain employs a nonswitched 
mix ing process i n  a nonl inear element t o  provide t h e  m u l t i p l i c a t i o n  process. Both techniques are 
described by the  fo l low ing  i n t e g r a l  equation. 

where 7 may be var ied cont inuously  o r  d i s c r e t e l y  and i n  which T i s  t h e  t ime d i f fe rence  between 
f l ( t )  and f 2 ( t )  .2 Equation (4.1) i s  commonly c a l l e d  a c ross -cor re la t ion  func t ion  o f  t h e  two 
funct ions f l ( t )  and f ~ ( t )  C4.31. I n  sampling, t h e  sampling pulse o r  ga t ing  func t ion  i s  
cross-cor.related w i t h  the s igna l  waveform, i.e., t h e  sampling f u n c t i o n  i s  given by 

where T i s  t h e  t ime delay o f  t h e  ga t ing  func t ion  w i t h  respect t o  t h e  s igna l  f l ( t ) .  Here T i s  
p o s i t i v e  and represents the  sampling p o i n t  referenced t o  the  beginning o f  t h e  s ignal  f ( t ) .  

The c ross -cor re la t ion  f u n c t i o n  @ 2 1 ( ~ )  i s  def ined by 

l ~ e f e r  t o  Chapter 3, sect ion 3.2, f o r  a  review o f  the  sampling method. 

, 2 ~ h e n  both f l ( t )  and f p ( t )  a re  n o t  square-integrable signals, the  form o f  eq (4.1) i s  incor rec t .  
Step funct ions,  random noise, and per iod ic  s igna ls  are no t  square-integrable C4.31. Under such 
condi t ions,  eq (4.1) i s  mod i f ied  t o  the form 



C l  e a r l y  , 

b ( = i J2$-d*  
12 

Futhermore, the Four ie r  t ransform o f  the c ross -cor re la t ion  f u n c t i o n  eq (4.1) i s  given by 

= F * ( ~ u ) F  ( j w )  = F  (- jw)F2(jw) 
1 2  1 (4.6) 

where Fl(jw) and F2(jw) denote t h e  Four ie r  transforms o f  f l ( t )  and f 2 ( t ) ,  respect ively.3 
S im i la r l y ,  

consequently, 

a12(jw) and @21(jw) a re  complex; each i s  r e f e r r e d  t o  as a  c ross -cor re la t ion  
spect ra l -densi ty  funct ion. When f l ( t )  and f 2 ( t )  are i d e n t i c a l ,  eq (4.1) y i e l d s  the  au tocor re la t ion  
f u n c t i o n  o f  f l ( t )  

The Four ie r  t ransform of the  au tocor re la t ion  func t ion  eq (4.9) y i e l d s  ( ~ ~ ( j w ) l  2 which i s  a  r e a l  
and p o s i t i v e  funct ion of w. I ~ l ( j w ) l  2 i s  commonly c a l l e d  t h e  energy-spectral-density funct ion; 
i t i s  r e l a t e d  t o  t h e  spectrum ampli tade A(w) through t h e  r e l a t i o n  C4.41 

3 ~ f  d 1 2 ( ~ )  i s  per iod ic ,  the  i n t e g r a l  form must be modi f ied as discussed i n  footnote 2. 



4.3 Using Noise and Cor re la t ion  Methods f o r  p-e Measurements 

An a l t e r n a t e  technique f o r  determining network c h a r a c t e r i s t i c s  and thus p and E over a wide band 
o f  frequencies i s  the noise c ross -cor re la t ion  approach. The basic idea of t h i s  approach can be 
introduced w i t h  the autocorrel  a t o r  out1 ined i n  f i g u r e  4.1 which cou ld  be implemented i n  any des i red 
waveguide, e.g., coaxial  l i n e ,  WR12 (60-90 GHz), e tc .  AS shown by t h e  diagram, a no ise s igna l  w i t h  a 
t ime domain waveform, f ( t ) ,  i s  s p l i t  i n t o  two channels, one of the  channels being delayed w i t h  respect 
t o  the  other. The two s igna ls  a re  then recombined, and the  r e s u l t  m u l t i p l i e d  and in tegra ted  which 
r e s u l t s  i n  t h e  funct ion A + 2d11(T) a t  the  output o f  the  in tegra to r ,  

The square law device produces t h e  output 

2  2 
g ( t )  = f l ( t  - TI) + f l ( t  - T) + 2 f ( t  - T ) f  ( t  - T)  1 1  

which the i n t e g r a t o r  transforms t o  

2 
The f i r s t  two terms are i d e n t i c a l  and are each equal t o  the  t ime average value o f  f l ( t ) ;  t h e  t h i r d  
te rm i s  tw ice  t h e  au tocor re la t ion  funct ion,  8 1 1 ( ~ ) ,  o f  f l ( t ) .  Consequently, t h e  ou tpu t  of t h e  
i n t e g r a t o r  i s  2dI1(~) plus a constant,  A. The s igna l  path delays, TI and T, are such t h a t  the  
two s ignals  can be i n  e f f e c t  delayed o r  advanced w i t h  respect t o  each other .  

An example o f  an exper imenta l ly  measured au tocor re la t ion  f u n c t i o n  f o r  a  picosecond domain pulse 
s ignal  i s  shown i n  f i g u r e  4.2 C4.31. Because the  au tocor re la t ion  f u n c t i o n  i s  always an even f u n c t i o n  
o f  the  t ime delay, only the  p o r t i o n  f o r  T 2 0 i s  shown. 

Let  us now consider f i g u r e  4.3 which i s  e x a c t l y  the  same as i n  f i g u r e  4.1 except t h a t  a  network 
whose impulse response, h ( ~ ) ,  i s  t o  be determined has been inser ted  i n  t h e  upper channel. Now a t  t h e  
output  o f  t h e  in tegra to r ,  apar t  from a constant, A2, one has t h e  cross co r re la t ion ,  2 6 2 1 ( ~ ) ,  
between f l ( t )  and the  output o f  t h e  unknown network. 

Here the  subscr ip ts  1 and 2 denote the inpu t  and output  func t ions  o f  t h e  unknown network, Note t h a t  
f 2 ( t )  i s  t h e  convolut ion between f l ( t )  and h ( t )  denoted by f l ( t )  * h ( t ) ,  i.e., 

The au tocor re la t ion  func t ion  w i l l  now be denoted as g l l l ( ~ ) .  

I n  re ference C4.41 i t  i s  seen t h a t  the  Four ie r  t ransform o f  1 1 1 ( ~ )  y i e l d s  t h e  i n p u t  power 
dens i t y  spectrum, Sl l (w) ,  o f  t h e  signal,  f ( t ) ;  and t h e  Four ie r  t ransform o f  8 2 1 ( ~ )  y i e l d s  
t h e  cross spectrum, S21(w). The s ign i f i cance  o f  t h e  cross spectrum i s  t h a t  when d i v i d e d  by the  



i n p u t  power dens i t y  spectrum, S l l (w) ,  i t  y i e l d s  the  complete system t r a n s f e r  funct ion,  H(w), o f  t h e  
inser ted  network. I n  other  words, 

S21(~) /S11(~)  = H(w). (4.16) 

Now l e t  us consider a system i n  which the s ignal  source i s  a  whi te  noise generator whose power 
densi ty  spectrum has the  value K (independent o f  frequency). I n  t h i s  case 

S (w) = KH(w) (4.17) 
21 

which has t h e  inverse transform 

I n  other  words, fo r  a  wh i te  no ise source, the  system impulse response i s  d i r e c t l y  p ropor t iona l  t o  
t h e  c ross -cor re la t ion  func t ion  between the  i n p u t  and output  s ignals .  From t h i s  impulse response or, 
equiva lent ly ,  from t h e  system t r a n s f e r  funct ion,  a1 1 t h e  network parameters o f  the  i n s e r t e d  network 
such as d i e l e c t r i c  constant and permeabi l i ty  could be determined. 

While t h e  above descr ip t ion  has been given i n  general f o r  any waveguide, i t  can be app l ied  t o  any 
s p e c i f i c  waveguide band. However, every band w i l l  be somewhat band l i m i t e d ,  and the no ise  source, f o r  
t h a t  reason alone, w i l l  not  be a completely whi te  no ise source. Equation (4.16) can then be used t o  
remove the  e f f e c t  o f  the  band-l imited source. Some examples o f  whi te  noise, cross-corre la t ion 
funct ions o r  network impulse responses t h a t  one might encounter are those o f  the  low pass R-C 
i n t e g r a t o r  and t h e  Debye d i e l e c t r i c  lossy transmission l i n e  [4.5] which are given i n  f i g u r e  4.4 along 
w i t h  t h e i r  respect ive equiva lent  c i r c u i t s .  

4.3.1 Time Resolut ion Requirements 

The next  quest ion one might ask i s  what t ime delay temporal r e s o l u t i o n  i s  required. To get a  
rough estimate, suppose t h a t  t h e  f i l t e r i n g  c h a r a c t e r i s t i c  o f  t h e  i n s e r t e d  network i s  approximately 
Gaussian i n  character;  then t h e  t r a n s f e r  func t ion  H(jw) would be approximated by 

w h i l e  the  corresponding approximate network impulse response would be t h e  inverse Four ie r  transform 
o f  H(jw) which i s  

-The two func t ions  H(jw) and h ( ~ )  are each Gaussian func t ions  and possess the l / e  i n t e r v a l s  of 

Aw = 4k (4.21) 

and 

AT = 2/k, (4.22) 

respec t i ve ly  ( f i g .  4.5). Therefore, f o r  a  network bandwidth o f  

Aw 
~f = - -  - 30 GHz , 

2* 



which would t o t a l l y  occupy the  a v a i l a b l e  bandwidth i n  the  llR-12 waveguide band (60-90 GHZ), t he  
corresponding impulse response dura t ion  would be 

This, i n  turn,  would requi re t h a t  t h e  delay measurement r e s o l u t i o n  be o f  t h e  order o f  two picoseconds 
o r  bet ter ,  which corresponds t o  a distance measurement o f  0.6 mm f o r  electromagnetic wave propagation 
i n  a i r .  

4.3.2 Other Rea l i za t ion  Considerat ions 

Square law detector:  Diodes, thermistors, and r e s i s t i v e  bolometers w i t h  p y r o e l e c t r i c  sensors may 
be used t o  prov ide the  m u l t i p l y i n g  funct ion. The use o f  r e s i s t i v e  heaters and p y r o e l e c t r i c  sensors i s  
o u t l i n e d  i n  d e t a i l  i n  C4.31. The same reference describes how the  device capacitance can be used f o r  
t h e  requi red in tegra t ion .  The use o f  diodes can prov ide greater  s e n s i t i v i t y  than t h e  use o f  bolometers 
o r  p y r o e l e c t r i c  detectors, bu t  t h e  l a t t e r  two devices provide b e t t e r  square law response w i t h  the  
p y r o e l e c t r i c  de tec to r  being t h e  more sens i t i ve  o f  t h e  two. 

Noise source: The s o l i d  s t a t e  noise source developed by Kanda 14.61 i s  a  s t rong source and thus 
provides l a r g e  noise temperatures, t y p i c a l l y  290,000 K. 
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Figure 4.2. Autocorrelation function as measured. 







Figure 4.5. Gaussian system responses. 



5.  THE FREQUENCY DOMAIN SIX-PORT AUTOMATIC NETWORK ANALYZER 

C. A. Hoer and C. M. A l l  r e d  

5.1 In t roduc t ion  

The s i  x-port concept has been successfully app l ied  i n  t h e  r e a l  i z a t i o n  o f  microwave ref lectometers 
[5.1,5.2] and vector voltmeters [5.3]. A conventional s i x -por t  re f lec tomete r  i s  a  s i x - p o r t  j u n c t i o n  
designed t o  measure r e f l e c t i o n  cbe f f i c ien t  and power a t  one of i t s  p o r t s  i n  terms o f  power readings 
taken a t  f o u r  o f  the  other p o r t s  when an rf s igna l  i s  appl ied a t  t h e  remaining por t .  The measured o r  
observed q u a n t i t i e s  are s c a l a r  as opposed t o  phasor quan t i t i es ,  i .e., t h e  observables a re  r a t i o s  of 
t ransmi t ted  power a t  the p o r t s  r a t h e r  than complex voltages o r  currents .  A t y p i c a l  r e a l i z a t i o n  of a  
s ix-por t  re f lectometer  i s  shovin i n  f i g u r e  5.1 [5.4]. 

The val uc o f  the  complex r e f l e c t i o n  c o e f f i c i e n t  p obtained from a ~ i x - ~ b r t  re f lec tomete r  i s  
ca lcu lated from 

which, w i t h  few exceptions, a p p l i e s  t o  any s i x - p o r t  j u n c t i o n  [5.2] .  The P.  1 ' s  are t h e  power readings 
from f o u r  o f  t h e  f i v e  detectors  i n  f i g u r e  5.la, where P3 must be one o f  t h e  detectors  used. The 12 
r e a l  constants, C i ,  s i ,  and a<, character ize t h e  s i x  por t .  They a re  func t ions  only  o f  the  
s c a t t e r i n g  parameters o f  t h e  s i x  p o r t  and of t h e  r e f l e c t i o n  c o e f f i c i e n t  o f  the  detectors. They are 
independent o f  t h e  p roper t ies  o f  the r e s t  of t h e  measurement system i n c l u d i n g  the  f l e x i b l e  cables and 
the generator. One can d i v i d e  numerator and denominator o f  eq (5.1) by any one o f  these 12 constants 
leav inq  11 new constants which must be determined by some c a l i b r a t i o n  process such as those mentioned 
in sec t ion  5.3. 

Using a l l  f i v e  detectors, one can d isp lay approximate values o f  p on an osc i l loscope as shown i n  
f i g u r e  5.lb. This  app l i ca t ion  i s  based on t h e  f o l l o w i n g  equation f o r  t h i s  p a r t i c u l a r  seven-port 
j unc t ion  assuming ideal  (i.e., lossless, i n f i n i t e  i s o l a t i o n ,  zero r e f l e c t i o n ,  etc.) components t5.21: 

As t h i s  equation shows, P 3  a c t s  l i k e  a scale fac to r .  P3 can be measured t o  determine t h e  scale 
o f  ] p ( on t h e  osc i l loscope screen. It can a lso  be used t o  c o n t r o l  t h e  l e v e l  o f  t h e  generator. A 
rea l - t ime  analog d isp lay  o f  p i s  espec ia l l y  use fu l  i n  checking ou t  t h e  measurement system. 

By us ing  two s ix-por ts  a network analyzer can be b u i l t  which can be c a l i b r a t e d  us ing  a leng th  of 
p rec is ion  transmission l i n e  as t h e  only  sta~ndard needed. Two s i x - p o r t  re f lectometers a re  used i n  t h e  
con f igu ra t ion  shown i n  f i g u r e  5.2 t o  measure a l l  t h e  network parameters o f  any l i n e a r  rec ip roca l  o r  
nonreciprocal,  ac t i ve  o r  pass i  ve two-port, i n s e r t e d  between t h e  two ref lectometers. This conf igurat ion 
i s  most s i m i l a r  t o  the i n t e r f e r e n c e  br idge described i n  1962 by A l t s c h u l e r  C5.51. The two measurement 
systems d i f f e r  i n  tha t  s i x - p o r t  ref lectometers a r e  used i n  p lace o f  s l o t t e d  l ines,  i s o l a t o r s ,  and 
tuners. Th is  change makes t h e  present system easy t o  automate and broadband, i n  t h e  sense t h a t  
measurements can be made a t  any f i xed  frequency from 2 t o  18 GHz a f t e r  proper c a l i b r a t i o n  a t  t h a t  
frequency. Four-port re f lec tomete rs  could be used i n  p lace o f  s i  x-port re f lectometers,  b u t  t h e  system 

would n o t  b e  as simple as t h e  one described here. A great  advantage o f  the  s i x - p o r t  i s  t h a t  
i l ~ e ~ f e c t ,  and hence very b road  band components, Q and D i n  f i g u r e  5.1, are used; a l l  imper- 
fect ions a r e  accounted f o r  in  t h e  c a l i b r a t i o n  r a t h e r  than tuned o u t  a t  successive frequencies. 

The measurement system described here d i f f e r s  from most o ther  network analyzers i n  t h a t  t h e  
s i x -por t  ref lectometers can be made small enough and por tab le  enough t o  connect d i r e c t l y  t o  t h e  device 
under t e s t ,  e l im ina t ing  f l e x i b l e  cables o r  arms between t h e  measurement system and t h e  device being 
measured. F l e x i b l e  cables "behind" each s i x  p o r t  do no t  en te r  i n t o  t h e  system c a l i b r a t i o n  except i n  
the  measurement of the phase s h i f t  through nonrec iprocal  two por ts .  The present system i s  s impler  than  
most o ther  netowrk analyzers i n  t h a t  no i - f  source i s  used and no phase detectors  a re  required. 



S e l f - c a l i b r a t i o n  techniques s i m i l a r  t o  those described by A l l r e d  and Manney [5.6] f o r  c a l i b r a t i n g  
two four-por t  couplers can be used t o  c a l i b r a t e  two s i  x-port ref lectometers. When app l ied  t o  the  dual 
s i x -por t  measurement system, t h i s  technique y i e l d s  t h e  constants i n  eq (5.1) needed t o  ca lcu la te  p l  
and p2. Only one standard i s  requ i red  i n  t h e  s e l f - c a l i b r a t i o n  technique. This standard can be a 
uni form leng th  o f  transmission 1 i n e  o r  one known terminat ion.  D e t a i l s  o f  t h i s  s e l f - c a l i b r a t i o n  
technique are given i n  references [5.7,5.8]. 

5.2 Theory o f  the  Dual Six-Port Network Analyzer 

A. Determinat ion o f  S11, S22, 1 512 1, ( S21 ) 

The basic  setup f o r  us ing  two s ix -por t  re f lectometers t o  measure a l l  of the  s c a t t e r i n g  parameters 
o f  a  two p o r t  i s  shown i n  f i g u r e  5.2. The rf s igna l  i s  appl ied t o  both ref lectometers simultaneously. 
Reflectometer 1 measures t h e  complex r a t i o  p l ~  b l /a2 a t  referef ice plane 1. Reflectometer 2 
measures p2 z bp/a2 a t  reference plane 2. p l  and p l  and p2 are no t  r e f l e c t i o n  c o e f f i c i e n t s  
i n  the  normal sense, b u t  simply r e l a t e  two t r a v e l i n g  waves i n  opposite d i rec t ions .  These two r a t i o s  
a re  r e l a t e d  by t h e  S-parameters o f  t h e  two p o r t  i n s e r t e d  betwen t h e  two ref lectometers. L e t  t h e  
s c a t t e r i n g  equations f o r  t h e  two p o r t  under t e s t  be 

D i v i d i n g  eq (5.3) by a1 and eq (5.4) by a2 g ives 

Since ] a2/a l  ( can be greater  o r  l e s s  than one, ( p l  I and ( p2 I can a lso  be greater o r  l e s s  than 
one. Si x-port re f lectometers are capable o f  measuring values o f  ( p  ( both l a r g e r  and smaller than one. 

E l  im ina t ing  a2/al from eqs (5.5) and (5.6) gives 

where A i s  t h e  determinant o f  t h e  s c a t t e r i n g  matr ix,  

A = S  s - s  s 
11 22 12 21' 

Three equations l i k e  eq (5.8) a re  solved f o r  S11, S22, and A. These equations are generated 
by measuring p l  and p2 f o r  t h r e e  d i f f e r e n t  values o f  az /a l  which are determined by t h e  s e t t i n g  
o f  t h e  at tenuators A1 and A2 and o f  t h e  phase s h i f t e r  d. The values o f  A1, A2, and $4 do 
not  need t o  be known since they do no t  enter  i n t o  t h e  equations. 



I f  it i s  known t h a t  the two p o r t  under t e s t  i s  rec iprocal ,  so t h a t  sI2 = spl, t h e  
magnitude can be obtained f rom eq (5.9), 

o r  from eq (5.7), 

A f t e r  three o r  more equations l i k e  eq (5.8) are so lved f o r  S l l ,  S22, and A, then S l l  and 
S22 can be used i n  eq (5.11) t o  ca lcu la te  values o f  ) S12 I and I Spl ( f o r  each measurement. 
The s c a t t e r  i n  the values o f  I S12 1 gives an i n d i c a t i o n  o f  the p r e c i s i o n  w i t h  which I 512 1 has 
been measured. 

I f  it i s  no t  known t h a t  t h e  two p o r t  under t e s t  i s  rec ip roca l  , ( S12 1 and ) S21 1 a re  
obtained from eqs (5.5) and (5.6) which g ive 

The s ix -por t  ref lectometers can be used t o  measure I a2/al I as w e l l  as p l  and p2 i n  these 
equations. A1 tschu le r  C5.41 discusses the advantages o f  making I a2/a l  I l a r g e  o r  small t o  increase 
t h e  s e n s i t i v i t y  when measuring small values o f  S12 o r  S21. 

B. Determinat ion o f  1!112 = $21 

The equations given i n  sec t ions  5.2A can be used t o  determine a l l  o f  the  s c a t t e r i n g  parameters 
except $12 and $21, the phase angles o f  S12 and S21. For e i t h e r  a rec ip roca l  o r  
nonreciprocal two por t ,  eqs (5.5) and (5.6) g ive  

where 

Since t h e  s i x - p o r t  re f lectometers do not  d i r e c t l y  measure t h e  phase angle o f  a2/al, t h e  angle 
*a i s  no t  y e t  known. The angles $1 and $ 2  a re  known from measured values o f  p l  and pp and 
computed values o f  S 1 1  and S22 (see sec. 5.2A). 
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When t h e  two p o r t  i s  rec ip roca l ,  eqs (5.14) and (5.15) can be solved f o r  both $a  and 
$12 = 921; 

where the  ambiguity nn a i rses  from the d i v i s i o n  by 2, and n i s  i n  in teger .  A1 1 phase angles 
considered here a re  modulo b as i n  any frequency domain measurements. It can be seen from eqs (5.14) 
and (5.15) t h a t  n must take on the  same value i n  eqs (5.19) and (5.20). The value of n can be 
determined from e i t h e r  an est imate o f  $12 o r  $a. A good est imate o f  $a can be obtained from 
equations der ived f o r  the  nonreciprocal case which i s  considered i n  sect ion 5.2C. 

The measurement technique described up t o  t h i s  p o i n t  i s  s i m i l a r  t o  methods which use only  one 
ref lectometer  t o  measure p l  when t h e  two p o r t  i s  terminated w i t h  three d i f f e r e n t  known terminat ions 
a t  reference p lane 2. The equations which apply when us ing known terminat ions a re  t h e  same as 
eqs (5.3) t o  (5.20) i f  p2 i s  replaced by 1 / r~ where r~ i s  the  r e f l e c t i o n  coe f f i c ien t  of the  
terminat ion a t  re fernce plane 2. The d i f ference here i s  t h a t  a2 can be made much l a r g e r  than if 
passive terminat ions are used. This makes i t  possib le  t o  measure l a r g e r  values o f  a t tenua t ion  us ing  
the  setup i n  f i g u r e  5.2. Another d i f fe rence  i s  t h a t  t h e  r a t i o  I a2/al I cannot be measured when 
passive terminat ions are used so t h a t  Sip and S21 o f  nonreciprocal two p o r t s  cannot be 
measured. 

C. Determinat ion o f  a12 # 921 

When the  two p o r t  under t e s t  i s  not  rec iprocal ,  $12 and $21 must be ca lcu lated from 
eqs (5.14) and (5.15) where +a  can be determined as fo l lows .  The determinat ion of $, depends i n  
p a r t  on knowledge o f  the  measurement system which can be viewed as a three-por t  j u n c t i o n  whose p o r t s  
are 1, 2, and 3 (near t h e  generator) i n  f i gu re  5.2. For  t h i s  three-por t  junct ion, one can show t h a t  

where t h e  small s f j ' s  are t h e  s c a t t e r i n g  parameters of the  equiva lent  three-por t  measurement 
system. Rewrite eq (5.21) as 

where C1, 62, and C j  are def ined by corresponding terms i n  eqs (5.21) and 5.22). The C ' S  fo r  a 
p a r t i c u l a r  s e t t i n g  o f  A1, Ap, and 6 can be determined f rom th ree  equations 1 i k e  eq (5.22) when 
PI, pp, and a 2 I a l  are known, which i s  the case when rec ip roca l  two por ts  are measured. so lv ing  
eq (5.22) f o r  a2/al ,  

a 
2 - -  - C3 + C1pl (5.23) 

a 
1 1 + C2p2 ' 

Once t h e  C's a re  known, $a can be ca lcu la ted  from eq (5.23) when measuring e i t h e r  rec ip roca l  o r  
nonreciprocal two por ts .  



When t h e  two por t  i s  nonreciprocal,  $a ca lcu la ted  from eq (5.23) i s  used i n  eqs (5.14 and (5.15) 
t o  c a l c u l a t e  $12 and $21. When the two Por t  i s  rec iprocal ,  the  value of $a  from eq (5.23) is 
considered t o  he only an est imate for  determining n i n  eq (5.20). This 1s because t h e  value of  $a  
ca lcu la ted  from eq (5.20) w i l l ,  i n  general, be more accurate than t h a t  ca lcu lated from eq (5.23). 
Since t h e  C ' S  i n  eq (5.23) a r e  functions of t h e  sca t te r ing  Parameters o f  the three-port measurement 
system, they are funct ions o f  t h e  s t a b i l i t y  of t h e  f l e x i b l e  cables and a lso  o f  the  s e t t i n g  and 
r e p e a t a b i l i t y  o f  the  components A1, A2, and 6. None of the  o ther  equations up t o  eq (5.21) are 
funct ions of these components o r  the cables. For  t h i s  reason, eq (5.23) i s  used o n l y  t o  ca lcu la te  
and no t  1 a2 /a l  ( which can be obtained from the  two s ix -por t  ref lectometers independently of t h e  
p roper t ies  o f  the  three-por t  measurement system. Then a l l  of t h e  ca lcu la ted  S-parameters of the two 
p o r t  under t e s t  w i l l  be independent o f  the  p roper t ies  o f  the  three-por t  measurement system except 
$12 and $21 o f  nonreciprocal two ports. 

5  -3 Using Si x-Port Systems f o r  p-E ~easurements'  

5.3.1 The Si x-Port Reflectometer 

One way o f  measuring t h e  magnetic and d i e l e c t r i c  p roper t ies  o f  small samples a t  f i x e d  frequencies 
i s  w i t h  a s i x -por t  re f lec tomete r  ( f i g .  5.3). A s i x - p o r t  re f lec tomete r  i s  a  s i x - p o r t  j unc t ion  such as 
shown i n  f i g u r e  5.1 designed t o  measure r e f l e c t i o n  c o e f f i c i e n t  and power a t  one o f  i t s  p o r t s  i n  terms 
o f  power readings taken a t  f o u r  of the  other  p o r t s  when an rf s igna l  i s  appl ied a t  t h e  remaining por t .  
The complex r e f l e c t i o n  c o e f f i c i e n t ,  T , i s  given i n  terms o f  t h e  f o u r  power readings, P3. ..Pg, by 
eq (5.1) o r  more compactly by  

where t h e  four complex constants  z i  and the  f o u r  r e a l  constants a i  a re  funct ions o f  t h e  s i x -por t  
junct ion.  These constants a r e  obtained by a c a l i b r a t i o n  process i n v o l v i n g  a t  l e a s t  one b u t  u s u a l l y  
more h o w n  terminat ions which a re  connected t o  t h e  measurement p o r t .  The p r o p e r t i e s  of a  sample can 
be obta ined from measurements o f  r w i t h  and w i t h o u t  t h e  sample in t h e  holder .  

The main advantage o f  t h e  s i x -por t  re f lectometer  over t h e  conventional fou r -por t  re f lectometer  i s  
t h a t  the  phase angle as w e l l  as magnitude o f  r i s  obtained from simple power measurements. It i s  n o t  
necessary t o  have a phase de tec to r  on the  sidearem of the  s i x  p o r t  t o  measure t h e  phase o f  r .  Only one 

source i s  used since no frequency conversion i s  involved. The s i x  p o r t  i s  r e l a t i v e l y  easy t o  automate 
since a l l  in format ion i s  obta ined from a s e t  o f  dc vo l tage readings taken from t h e  f o u r  power meters. 

The r e s o l u t i o n  i n  measuring r i s  e s s e n t i a l l y  the  r e s o l u t i o n  i n  measuring t h e  f o u r  values of power 
which i s  one p a r t  i n  104 f o r  the rmis to r  types o f  power detectors. These detectors  a r e  commercially 
ava i lab le  up t o  100 GHz. Waveguide components f o r  cons t ruc t ing  s i x - p o r t  junct ions a r e  a lso  
commercially ava i lab le  t o  100 GHz. Therefore it' should be poss ib le  t o  const ruct  s i x -por t  
ref lectometers i n  each waveguide band up t o  100 GHz and poss ib ly  even higher. 

An experimental automated waveguide s i x - p o r t  re f lectometer  has been constructed a t  NBS fo r  
measurement o f  power and r i n  t h e  50 t o  75 GHz range. Pre l iminary data i n d i c a t e  t h a t  i t  has a 
r e s o l u t i o n  o f  0.0001 i n  measuring r i n  t h i s  frequency range. The accuracy has n o t  y e t  been determined, 
bu t  f o r  small  changes i n  T(A r< 0.1), the  accuracy o f  the  change i s  expected t o  be l i m i t e d  p r i m a r i l y  by  
t h e  reso lu t ion .  The t ime requ i red  t o  measure r i s  several seconds per  frequency. Most o f  t h a t  t ime  i s  
requi red t o  se t  and phase-lock the  frequency. This t ime can be reduced considerably  by no t  l o c k i n g  t h e  
frequency, bu t  the accuracy would be decreased. 

5.3.2 The Dual Six-Port Network Analyzer 

Another way o f  measuring the  proper t ies o f  a  sample i s  t o  i n s e r t  i t  i n  a two-port sample ho lder  
which i s  inser ted  between two s ix -por t  re f lectometers as shown i n  f i g u r e  5.4. The two s ix -por t  
re f lectometers are capable o f  measuring a l l  o f  t h e  s c a t t e r i n g  parameters o f  the  two p o r t  w i t h  and 
wi thout  t h e  sample i n s e r t e d  i n  the  holder. These measurements should y i e l d  both t h e  transmission and 
r e f l e c t i o n  p roper t ies  o f  t h e  sample. 



There a re  severa l  advantages in having two s i x - p o r t  re f lec tomete rs  ins tead  of one. It i s  much 
easier  t o  c a l i b r a t e  two s i x - p o r t  re f lectometers than it is t o  c a l i b r a t e  j u s t  one i n  t h a t  fewer 
connections need t o  be made b y  t h e  operator, and fewer standards a r e  requi red.  The o n l y  standards 
needed t o  c a l i b r a t e  a p a i r  of s i x  p o r t s  a re  a f l a t  s h o r t  and a l e n g t h  o f  p r e c i s i o n  waveguide. A 
t y p i c a l  c a l i b r a t i o n  procedure i s  o u t l i n e d  i n  f i g u r e  5.5 

Another advantage i s  t h a t  by connecting t h e  two s i x - p o r t  measurement por ts  together, one can 
determine i f  the  two ref lectometer  measurements o f  T agree w i t h  each other. The s t a b i l i t y  o f  the  
c a l i b r a t i o n  w i t h  t ime  can thus be determined and monitored. 

A p a i r  o f  coaxia l  s i x -por t  ref lectometers have bveen constructed a t  NBS f o r  measuring S-parameters 
o f  two-port devices i n  the  range o f  2 t o  18 GHz. The techniques and software f o r  c a l i b r a t i n g  t h i s  p a i r  
o f  re f lectometers should be appl icable t o  waveguide systems a t  h igher  frequencies. The p rec is ion  o f  
t h e  NBS dual s i x - p o r t  system i n  neasuring t h e  S-parameters o f  a ,two p o r t  i s  approxiamtely 0.0001. 

One disadvantage i n  measuring a l l  o f  the  S-parameters i s  t h a t  i t  takes about e i g h t  t imes as long  
as i t  does t o  measure r w i t h  a s i n g l e  s i x  por t .  
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SCOPE 

A seven-port reflectometer constructed with quadrature hybrids Q, 
and in-phase power dividers D, in a conventional circuit to measure 
reflection coefficient r. A six-port reflectometer is obtained by 
simply ignoring one of the four outputs P ... P8. If the detectors 

each have an output dc voltage proportional to the input RF power, the 
voltages can be applied to an oscilloscope as in (b) to get a display 
of reflection coefficient T. The constant k need not be known to 
display T. When the termination is replaced with a two port, the ratio 
p is displayed instead of T. 

Figure 5.1. A six-port reflectometer. 
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Figure 5.2. Basic circuit for measuring all of the scatt.ering 
parameters of a two port with two six-port reflectometers. 



Figure 5.3. Six-port reflectometer p-E measurement system. 
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Figure 5.4. The dual six-port network v-E measurement system. 
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Figure 5,5,  The four different connections made in calibrating the dual 6-port 
ANA with the "6-port TSD" technique, where TSD stands for "Thru", "Short", "~elay". 
The parameters of the normal 10 dB pad do not need to be known. 



6. CONCLUSION 

6.1 Summary 

The purpose of t h i s  repor t  was t o  describe new methods f o r  implementing automatic p-E measurements 
of radar absorber mate r ia l s  f o r  app l i ca t ions  p r i m a r i l y  above 20 CHz. A f t e r  reviewing the 1 i t e r a t u r e  
and drawing upon t h e  c o l l e c t i v e  experience o f  t h e  NBS s t a f f ,  th ree  methods were se lected f o r  
discussion: 

1. The Time Domain Automatic Network Analyzer. 

2. Cor re la t ion  Measurement Systems Using Noise Signal Spurces. 

3. The Six-Por t  Frequency Domain Automatic Network Analyzer. 

Because there  were several technica l  opt ions i n  implementing a t ime domain automatic network 
analyzer, considerat ion had t o  be given t o  f o u r  top ics :  

a) Extens ion o f  present  baseband system performance t o  h igher  frequencies. 

b)  M i l  1 imeter  wave pulse generators. 

c )  Heterodyne techniques. 

d)  Improvement o f  picosecond-domai n sampl i ng heads. 

For each o f  t h e  th ree  new methods discussed i n  t h i s  repor t ,  r e l a t e d  t ime domain, c o r r e l a t i o n  and 
microwave research and development have been implemented a t  NBS i n  t h e  past f o r  o ther  appl icat ions.  
Consequently, a l l  t h ree  methods are feas ib le .  

6.2 n i  scussion 

The c e n t r a l  quest ion t o  be addressed i s  simply, "which method o r  methods would achieve the  most 
e f f e c t i v e  r e s u l t s ? "  

There a re  two important f a c t o r s  t o  consider i n  answering t h e  question. The f i r s t  i s  the  t ime and 
e f f o r t  requ i red  t o  r e f i n e  t h e  method(s) f o r  a p p l i c a t i o n  above 20 GHz and i n t o  t h e  m i l l i m e t e r  wave 
region t o  about 100 GHz. The second f a c t o r  depends upon t h e  sample-holder s t ructure.  

I n  the  techn ica l  desc r ip t ions  presented i n  Chapters 2, 4, and 5, i t  was assumed t h a t  t h e  sample 
f i t s  exac t l y  w i t h i n  t h e  system waveguide, i.e., t h e  sample ho lder  was a uniform p iece o f  waveguide which 
was completely f i l l e d  by the  sample, and the  sample faces were plane and p a r a l l e l  t o  t h e  wavefront o f  
t h e  p r i n c i p a l  waveguide mode. These assumptions become inc reas ing ly  d i f f i c u l t  t o  s a t i s f y  when: 
(1) waveguide dimensions a re  decreased t o  a l low on ly  p r i n c i p a l  mode propagation, and (2) t h e  sample 
phys ica l  p roper t ies  are such t h a t  t h e  sample i s  d i f f i c u l t  t o  shape and susceptible t o  damage which can 
a l t e r  i t s  electromagnetic and/or phys ica l  proper i tes.  Consequently, these assumptions become 
inc reas ing ly  untenable w i t h  inc reas ing  frequency. The on ly  a l t e r n a t i v e  ava i lab le  i s  t o  depart from t h e  
p r i n c i p a l  mode sample holder  and employ an e lect romagnet ica l  l y  l a r g e  o r  over-moded sample holder. 

Phys ica l l y  l a r g e  sample holders could approach free-space cond i t i ons  i n  which t h e  sample i s  placed 
between two antennas and i r r a d i a t e d  by a character ized wavefront eminat ing from one o f  t h e  antennas. 
The wavefront passes through t h e  sample and i s  received by t h e  second antenna. However, such a system 
would i d e a l l y  r e q u i r e  a very l a r g e  sample, i.e., a large,  t h i n ,  plane sheet. 

I n  p rac t i ce ,  a v a i l a b l e  samples are 10 t o  15 cm (4 t o  6 inches) square. Consequently, i f  such 
samples are t o  be d i r e c t l y  used wi thout  phys ica l  a l t e r a t i o n ,  t h e  sample holder  would have t o  be one 
which would accept t h e  whole sample and prov ide a charc te r i zab le  electromagnetic coup l ing  t o  t h e  
sample. Clear ly ,  the  sample ho lder  would be over-moded and f o r  t h e  h igher  frequencies approach a quasi 
free-space condi t ion.  The c r i t i c a l  fac to r  which must be resolved f o r  a successful a p p l i c a t i o n  o f  an 
over-moded o r  quasi free-space sample holder  i s  the  charac te r i za t ion  o f  t h e  electromagnetic coup1 i n g  t o  
t h e  sample. If t h e  coup l ing  i s  known, then t ransmiss ion and/or r e f l e c t i o n  data can be analyzed t o  
y i e l d  t h e  electromagnetic parameters p and E. 



It i s  important t o  recognize t h a t  both t h e  t ime domain and frequency domain p and measurement 
methods r e q u i r e  charac te r i za t ion  o f  the  over-moded electromagnetic coup1 i n g  t o  the  sample. 
Consequently, t h i s  means t h a t  t h e  network p roper t ies  o r  physical model must be determined t o  es tab l i sh  
t h e  t r a n s f e r  funct ions between t h e  uniform waveguide reference planes and t h e  sample. Nei ther  the  
frequency domain nor the t ime domain approach e l im ina tes  t h e  need t o  e s t a b l i s h  the  t r a n s f e r  funct ions 
of t h e  over-moded o r  quasi free-space sample holder. 

6.3 Recommendations 

I n  answer t o  the  cen t ra l  quest ion s tated a t  t h e  beginning o f  sec t ion  6.2, it i s  recommended t h a t  
fu ture work inc lude  the f o l l o w i n g  technica l  approaches: 

1. Heterodyne Time Domain Automatic Network Analyzer. 

2. Si x-Port Automatic Network Analyzer. 

3. Over-moded sample holders. 

The f i r s t  two approaches p r i m a r i l y  requ i re  a development e f f o r t  u t i  1 i z i n g  avai 1 a b l e  microwave o r  
m i l  1 imeter wave components and a v a i l  able min i  -computer systems and in te r faces .  The t h i r d  approach 
requr ies  a research e f f o r t  t o  e s t a b l i s h  the  p roper t ies  o f  over-moded o r  quasi free-space sample 
holders. 
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15. SUPPLEMENTARY NOTES 

New methods for implementing automatic permittivitylpermeability measurements of 
radar absorber materials for applications primarily above 20 GHz and into the 
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state-of-the-art of dielectric and magnetic material measurements is given. 
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time domain automatic network analyzers, correlation measurement systems using 
noise signal sources, and six-port network analyzers. 
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