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Delay-Line Based Techniques for Microwave
and Millimeter-Wave
Transmission /Reflection Test Sets

ANDRE BOULOUARD

Abstract — A technique for filtering hardware-related errors and obtain-
ing amplitude /phase informations, with the aid of precision delay lines and
swept-frequency source is investigated theoretically for microwave and
millimeter-wave transmission /reflection test sets. A computer simulation is
carried out on a p -pole, Butterworth-type model to obtain a measure of the
filtering technique in this particular case. A quasi-exact solution is found
for the swept-frequency vector reflectometer equation and a closed-form
solution is obtained for the swept-frequency amplitude /delay transmis-
sion /reflection parameters.

I. INTRODUCTION

ARIOUS TECHNIQUES HAVE been used for mea-

suring transmission /reflection parameters at micro-
wave frequencies. In the millimeter-wave range of frequen-
cies, the two most promising methods are actually the
extension of existing Automatic Network Analyzers [1], [2]
and Hoer—Engen type Six-Port Analyzers [3]-[5].

Alternatively, accurate delay-line based techniques were
investigated by Somlo [6]-[9], Hollway [8], [9], Lacy and
Oldfield [10], and have led to practically simple microwave
transmission /reflection test sets.

In this paper, these later techniques are examined thor-
oughly and proved to be well suited for millimeter-wave
test sets and for “low-Q” devices under test (DUT) mea-
surements.

In the proposed techniques, system-related errors
(VSWR, directivity) are sorted out by the joint use of
precision delay lines, a swept-frequency source, and soft-
ware filtering.

The technique is successively applied to a vector re-
flectometer (unmodulated swept-frequency source) to ob-
tain amplitude/phase information and to a
transmission /reflection test set (amplitude-modulated
swept-frequency source) to obtain amplitude/delay infor-
mation.

II. THE SWEPT-FREQUENCY VECTOR
REFLECTOMETER

A. Description

Fig. 1 shows a simplified block diagram of the proposed
vector reflectometer. The unknown DUT, at the far end of
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the delay line, creates a reflected wave which is homodyned
with the wave reflected from the short circuit, through the
attenuator used for the delay-line loss compensation, at the
detector [11].

Fig. 2 shows a flowgraph representation of the vector
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reflectometer for which an equivalent error model is de-
rived and shown in Fig. 3 (Appendix I).

B. Basic Equations
The standing wave at the detector input is equal to
b, = Ae’%a, (1)
where the equivalent transfer function from source to
detector is defined as

C.Yxe—Z(a+jﬁ)l

@)

I —
Ae d—+ l—ryxe_z(”fﬁ)].
This measurement system is defined electrically by the
following set of frequency-dependent parameters:

as source output wave

ps = |as|* source output power

g quadratic detector transfer function

d = De’*» reference vector

c=Ce’® coupled vector

r = Re’*s coupler through-port reflection coefficient
v, =,¢’® unknown reflection coefficient.

The set of system parameters a,, p,, 8, d, ¢, and r is
independent of the DUT and delay line but is dependent
of the actual source /coupler /detector configuration.

The detected voltage is then given by

p=g|b,| 2 (3)

p=gA*a,|? (4)

p=2gA’p,. (5)

It can be shown that the detected voltage is equal to the
sum of the following infinite series (see Appendix II):

(6)

e o}
p=pot Z (pe "+ pre”)

=1

where p, and p’ are complex conjugates.

C. Filtering Technique

The reflectionless delay line is mainly characterized by
the wavenumber » defined as

B

v=o—. 7

e ™

The system parameters a,, p,, g, 4, ¢, and r are generally

wavenumber-dependent functions and so are the {p,}
terms.

The wavenumber » is now swept linearly from v to

pnax and the detected voltage is recorded to obtain the
function p(») defined as

o0

p(M=p,()+ 2 (p.(r)e™> "+ pr(v)e>™). (8)
1=1

The set of parameters { p,(v)} could be obtained classi-

cally by applying a filter to the inverse Fourier transform

(IFT) of p(»). To take into account the finite sweep width,

the detected voltage must first be multiplied by a good

quality data window w(v), [12]-[14], which leads to g(»)
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defined as

q()=w(»)-p(v).

The IFT of g(») is then defined as

(9)

Q(x)=1IFT [gq](x) (10)
0(x) :fy”’"“q(v)e”f”dv (11)

0(x)=0(x)*+ 3 (Q,(x i)+ Q3(~x—il)
(12)

where

W(x)=IFT[w](x) (13)
G(x)=1IFT [g](x) (14)
P(x)=1IFT[p,](x) (15)
Q,(x)=1IFT [q,]*P*G*W(x) (16)

where the operation * denotes convolution.
The real values taken by the ¢(») function leads to the
following properties of the IFT Q(x):

Re {Q(x)} iseven

Im {Q(x)} isodd

Q(x) is defined entirely for x =0 or for
x<0.

The filtering process of Q,(x), Q,(x), and Q,(x) becomes
possible only if the delay-line length / and the “wavenum-
ber width” A» of g(») comply to the following inequality
(see Appendix III):

200> h . (17)
1) Coaxial Delay Line:
V=—£ (18)
Af
AV——C— (19)
IAf Ch;i“ (20)
2) Waveguide Delay line:
A IAR
y=" 1 (f) (21)
Ay Af - (22)
711
1A f>— Pt - (23)
24/ 1 (If)
f

This inequality could be satisfied for sufficiently low-Q
devices and system parameters for which the set {g,(»)} is
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a set of “band-limited” functions in such a way that the set
of IFT {Q,(x —il), Q,*(— x —il)} and, particularly Q,(x),
Q,(x—1), and Q,(x —21), is a set of functions that do not
overlap, except for some values of x for which their respec-
tive amplitudes are under a very low level, with respect to
|Q0(0)| (see Appendix III). The filtering process of Q,(x),
Q,(x —I)and Q,(x —21) could then be effectively achieved
by choosing the selected line of the complex inverse spec-
trum Q(x) and by applying a direct Fourier transform,
selectively, to obtain ¢,(»), q,(»), and g,(») [15].

D. Unknown Reﬂection Coefficient Estimation

In the case of effective filtering, the unknown v, i
determined, in amplitude and in phase, after further
processing of the previously obtained parameters p, ., p1..,
and p, .

First, the R and ¢R terms are eliminated from (A26),
(A27), and (A28)

(CTxe 2 )2

_ _ 2
gps L (RTxe ) Pox— 8PsD (24)
Re/#r - yxe 2% = 2_2)1 (25)
1x

P, = Yxgp, DCe 20!/(¢—%p) 1 % (Pox— Pop) (26)

1x

__p2x

(Pc»x - pOD)

. 1x
T DCe 2+ (5400 (27)

where

Pop=gp,D*. (28)

A calibration technique is necessary for determining the
system parameters g, DCe™>*/*/(#=%0) and p,.

In the first step of the proposed calibration technique, a
short circuit is inserted at the far end of the delay line, then
the three parameters p,,, p,,, and p,, are filtered and the
short-circuit reflection coefficient v, is obtained from

p2s

Pis ( Dos — POD)

(29)

L Dce—zalﬂwms,;) '
§

The unknown reflection coefficient v, is now equal to

Pax
Plx—'_z_(POX_POD)

p2s

(30)

Y= Ys

Pis ( Pos — Pop )

The parameter p,, may be obtained from one of the two
following methods.

1) The short circuit is displaced with an offset length
d /2 and the three parameters p,,, p,,, and p,, are filtered;
the offset short-circuit reflection coefficient yd is then

obtained from
—Zﬂjﬂd.,ys. (31)

The parameter p,, is then the solution of the following
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equation:

p
Pra— Zd(pOd_pOD)

—2myvd —

¢ p2s (32)

Pis — Pop)

and is given by
— pls(pldz - pOdPZd)— pld(plsz — posp2s)e—271]vd
Pop™= —2mvd

PraPas€ T PisPaa

(33)

ii) Alternatively, a precision matched load may be
inserted at the far end of the delay line and the zero-order
parameter p,, filtered. As there is no perfectly matched
load in practice, the p,, term can only be obtained ap-
proximately from

(Cl‘ce—2al)2

Po. = 8P, D>+ gp, -
1~ (RLye2e)"

(34)

(Crce~2a[)2

2<<D2.
1— (RI‘ce_z"")

Poc= Pops if

(35)

The unknown v, is now inserted at the far end of the
delay line and the three parameters p, ., p,,, and p, are
filtered; v, is then obtained from

p2x

(P()x - pOD)

Y,
P Pas s
D 2 (Pos pOD)

plx—

(36)

&2
|

III. THe SWEPT-FREQUENCY AMPLITUDE/DELAY

TEST SET

A. Description

Fig. 4 shows a simplified block diagram of the proposed
swept frequency amplitude/delay test set [15], [16]. The
swept-frequency source is amplitude modulated and the
direct and reflected waves on the 2-port DUT are detected
and processed synchronously in the synchronous receiver
which delivers amplitude and time-propagation delay
(TPG) information to the signal-processing unit.

A closed-form solution for the amplitude and TPG
parameters of the DUT is then obtained after data process-
ing.

Fig. 5 shows the description of this measurement system,
using a flowgraph representation of the equivalent error
model.

Fig. 6 shows the equivalent 2-port reflection and trans-
mission devices with their respective transfer functions.

B. Basic Equations

This measurement system is defined electrically by the
following set of frequency-dependent parameters:

a, source output
=|a,|? source output power
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-

8. 8, C and T quadratic detectors transfer
functions

d = De/*» leakage vector

c=Ce’% coupled vector

ri = Rie/®*: coupler through-port (r,) and 7T-detector
(r,) reflection coefficients

t =Te'*r transmission vector.

The set of system parameters a,, p,, 8., 87, 4, C, 1}, I»,
and 7 is independent of the DUT and delay line but is
dependent of the actual source/coupler /detectors config-
uration. '

The DUT is defined by the following amplitude /delay
reflection /transmission parameters:

{s,} DUT s-parameters

si= syl @37
d/s,,

T, = - (38)

By neglecting terms above first order in D, R,, and R,,

1177
the transfer functions of the equivalent 2-port reflection
and transmission devices are given, respectively, by

(Ae’*),=d + cs; e 2B+ cp s2e Ut
+ crysy 5106 KB 4L

(A7) p =15, 2HB + g5 15, 0"t

(39)

(40)

These two equations are jointly developed under the
following form:

+15,,1y8, € KT 4

[>2)
Ael® = 2 Ane]¢n
n=0

Ae =X+ jY

(41)
(42)
where

o0
X= 3 A,cos¢,

(43)

n=0
Y= 3 A4,sin¢, (44)
n=0
B=2mv (45)
¢, =2anvi+q,. (46)

The amplitude information delivered by the synchronous
receiver is defined as

p=gp, A’ (47)
o0 [vel

p=gp, 2 2 A,A,cos(9,—¢,) (48)
n=0m=0
o0 o0 o0

p=gp, X Aitgp, X X A,A4,cos (¢,—¢,) (49)
n=90 n#*m

where
§= 8. or gr. (50)

The TPG information is defined as

__49
T T (51)
yaX o dy
- dw d(d (52)
’T—————“——Az .

The data processing may be performed on an auxiliary
parameter e defined as

e=p-T

(53)

dX dY) (54)

Fgl’s(y;;‘)‘%

o0 o0 o0
e=gp, > A, +gp, 2 2 (4,4, cos (¢, —9,)

n=0 n+*m

+4,,4,a,sin (¢, — ¢,)) (55)
where

__ 49,
" dw

(56)
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and
_ 144,
T T4, do

(57)

In the case of “low-Q” DUT, the previously detailed
filtering technique may now be applied successively to p(»)
and e(») to obtain the following zero-order terms:

Po=28p, & Al (58)

n=0

]
eO:gps 2 AiTn'
n=20

(59)

This set of basic equations must now be further processed
to obtain the unknown set of DUT reflection /transmission
parameters {S., 7, }-

C. DUT Reflection / Transmission Parameters Estimation

The set of first-order reflection parameters {4,,7,}, is
given by

Ay=D (60)

A, =CS, e (61)
d

= — £op (62)

dw

T = Toc + T

(63)

where 7, is the system residual reflection TPG given by
(64)

The set of first-order transmission parameters {4,,7,}
is obtained from

A,=0 (65)
A,=Ts, (66)
= (67)
T = Tor T 7, (68)

where 7, is the system residual transmission TPG given by

[iﬂ_ — d.¢_T
do do’

By neglecting second-order terms and above in D, R,
and R,, the following closed-form solutions are obtained
after filtering of the measured parameters p and e:

(69)

Tor =2

Pou = ngSC2Sl%€—4a[ (70)
€0 = gcpsc2sﬁe*4a/( Toc + Tu) (71)
pO/x = ngsTZSj%eh‘tul (72)
€05 — gTPsTZSﬁe\MI( Tor + sz)- (73)
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The unknown sets of parameters are then given by
Pou,

sp=—Le 7
g pCle ! )
e
TII = _pz*” - TOC (75)
Poj,

sp=—tu 76
J ngSTZe—élal ( )

_ erl
T P*O; — Tor- (77)

A calibration technique is necessary for determining the
system first-order parameters g p,C2~ %%, g.p T **,
Toe» and 7. A fixed short circuit is first inserted at the far
end of the first delay line and the filtering technique is
applied to the measured reflection parameters p, and e, to
obtain the zero-order reflection parameters p,_ and e,

Pos — gcpscze_4al (Sz%s = 1) (78)
€os = PosToc (Tns = 0) . (79)

The unknown DUT reflection parameters S,, and 7, are
then given by

5, =00 (80)
Os

In the last step of the calibration technique, the two
delay lines are simply joined together and the filtering
technique is applied to the measured transmission parame-
ters P, and e, to obtain the zero-order transmission
parameters p,, and ey,

(Sﬁrzl) (82)
(leT:O)' (83)

The unknown DUT transmission parameters S, and 7,
are then given by

Por— gTPsteAMI

€or = PorTor

p()jl

! Por ( )
€y, e

le:ﬁ___o_r_. (85)
Poy Por

V. ConNcLusioNn

This paper has provided a theoretical approach for the
design of swept-frequency delay-line based measurement
techniques in the microwave and millimeter-wave range.
The development of equivalent transfer functions has led
to simple but accurate mathematical expressions for DUT
reflection /transmission parameters estimation.

A computer simulation was carried out on a p-pole,
Butterworth-type, model and has shown that this technique
is applicable for Q-factor measurements if Q <Q . where

_ 2

Qmax - ch (86)

min

The maximum measurable Q-factor is then proportional
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to the delay-line length /, and to the frequency f;.

For a given delay-line length /, this technique would be,
therefore, better suited for DUT measurements in the
millimeter-wave range.

Moreover, commercially available microwave and milli-
meter-wave scalar network analyzers could be upgraded to
improve measurement accuracy and to obtain phase/delay
information by adding a signal-processing unit and two
lengths of precision delay lines.

However, this technique has not been implemented actu-
ally and, therefore, the practical usefulness of the suggested
procedure remains to be proved.

APPENDIX I

Fig. 2 shows a flowgraph representation of the vector
reflectometer which was modeled after a 3-port device
inserted between source, load, and detector. This con-
figuration is defined electrically by the following set of
equations:

by=S8ya,+S,a; +Sa; (A1)
by =84, Spa, + 8ya; (A2)
by =834, + Spa,; + S3a; (A3)
a,=pb,+a (A4)
a, = pb, (A5)
a3 = p3by (A6)
where
{S,,} 3-port device s-parameters
{b,}  3-port device output waves
{a,}  3-port device input waves
{p,} external reflection coefficients
a, source output wave.

The standing wave at the detector input is defined as
b;=b,+a,. (A7)

When the former set of equations is resolved to obtain
b,, the standing wave at the detector input is expressed as

c.yxe—Z(OH-JB)I

b=\ AT o | (A8)
where
,Yxe—z(d+jﬁ)l =p, (A9)
S
d= (1+p5)Sy (A10)
l—p,S”—p3S33+p13(S”S33—S13S31)
Szz—Pl(SnSzz_512521)_P3(533S22_S32523)
+p1p3[S33(S“S22—S12S21)+S23(S125'31—S11S32)
+S13(S21332—531521)]
F= (All)

I=p8)— 0355 +P1F’3(SnS33 - S13S3l)

c= (1+Pa)(S32521“S31S22) (A12)

1=p,8) — 0385 +0103(S11833 — 51383,)
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APPENDIX I

The transfer function b, /a, is represented as the sum of
the infinite series

oC

(A13)
1=0
where
A,=D (A14)
A, =cl e 2
(A15)
4,=(RT,e~2)' "' 4, (A16)
P =¢p (A17)
b= —Bl+¢, 14, (A18)
¢, =(i—1)(—Bl+ ¢, +dg)+ 6. (A19)
The detected voltage is then given by
p=gp A’ (A20)
p=gp, 2 2 A A cos (¢~ ;) (A21)
1=0 k=0
e o] o o0
p=gp, 2 Al +gp, 3 3 A, A cos (¢,~ &) (A22)
=0 17k
T —2al
p=gp|D*+ _i—z
1—(RT,e™2)

*® j —
+2gp, 3 DCT,e”2*(RT,e™2)’ :

=1
«cos (i(—Bl+ ¢, +dg)+ b, — dr—bp)
© (Cer_Z“’)z

+2gp, > cos (i(— Bl+ ¢, + dz))
i=t 1=(RT,e7?)
(A23)
[o0]
P=pyt 2 (Pzewj‘lm + Pz*eﬂﬁl) (A24)
=1
where
ps=|a,|* source output power (A25)
Cr —2al 2
Po=gp,| D*+ —(*-"—e;)—z (A26)
1—(RTe %)
CT e~ 2 2
P = 8p, DCeJ("’v_"’D) + —~_( %€ ) 5 Reﬂl’R -Yxe‘ZOII
1—(RT,e )
(A27)
.= (Resry,e2)'"'p. (A2)
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APPENDIX II1

The filtering process of Qy(x), Q;(x), and Q,(x) re-
quires the uncorrelation of Q,(x), Q,(x —1), and Q,(x —
1). To obtain a measure of the minimal uncorrelation, a
computer simulation, based on a p-pole, Butterworth-type,
model is carried out for the vector reflectometer case. In
this model, N samples of the detected voltage are obtained
for N successive wavenumber steps defined as

v, =v+ % (VN/z - V—N/2)~ (A29)

The reflection coefficient is defined by the following

minimum-phase approximation:

= (i — =)

TN

y(n)= H,:p—1< Dnk ) (A30)
=0 J Nh b,
where
= number of poles and zero
= 2= v_ps) (A31)
= 2/-Av (A32)
Av= —3-dB wavenumber bandwith of
10 log o[1—|v]?]
p,= —siné, + jcos§, (A33)
zi= G'/?-p, (A34)
i 2p ’ 1_0,1’ N4 1 (A35)
= reflection coefficient minimum amplitude
N = number of samples.

The following and somewhat idealized assumptions are
then made:

d: ce_z(a+27TjV0)[ (A36)
R = re—Z(a+277]v0)l (A37)
1=gp|d|*. (A38)
The detected voltage is given by
2
~2m)(nk/N)
p(n)=|1+ v(n)e (A39)

1— R.Y(n)e—Zvrj(nk/N)

These N samples are multiplied by a good quality data
window, such as the following “minimum 4 terms” window
[14]. to obtain the multiplied detected voltage g(n):

w(n)=a,+a, cos 2—;£+azcos il]'7\77—"-1%13 cos 6%
(A40)
where

a, = 0.35875 (A41)

a,=0.48829 (A42)

a,=0.14128 (A43)

a,=0.01168 (A44)

q(n)=w(n)-p(n). (A45)
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Fig. 7. (a) Amplitude of the inverse Fourier transform of the detected
voltage i = 4, k =32, N =512, p = 1. (b) Amplitude error (dB). (c) Phase
error (degrees).

The discrete IFT of g(n) is then equal to

n=N/2—1

Q(m)= X

n=—N/2

g(n)e?mmn/Ny (Ad6)

Next, §,(n), §,(n), and §,(n), estimates of g,(n), ¢,(n),
and g,(n) are obtained after filtering and DFT of each of
the partial discrete IFT’s located at m =0, k,2k, in Q(m);
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Fig. 8. (a) Amplitude of the inverse Fourier transform of the detected

voltage h =4, k =32, n = 512, p = 2. (b) Amplitude error (dB). (c) Phase
error (degrees).

¥(n), the estimate of y(n) is given by (A26)—(A28)
5 __ql(n)__‘jz(") 50(”)_ ) ‘
§(n)= W) 4,() ( v 0r) 1]. (A47)

The amplitude of Q(m) and the amplitude /phase errors
are then defined respectively as the following functions:

20 log,y|Q(m)|= A(m) amplitude of discrete IFT of
q(n)in dB (A48)
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Fig. 9. (a) Amplitude of the inverse Fourier transform of the detected
voltage =8,k =64, N=512,p=2. (b) Amplitude error (dB). (c)
Phase error (degrees).
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20 1
0810 Y(”
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These functions are plotted in Figs. 7-11 for various
combinations of the 3 parameters p, h, k and for

amplitude error in dB

phase error in degrees.

N =512 samples (A49)

20log,, G= —20dB
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Fig. 10. (a) Amplitude of the inverse Fourier transform of the detected
voltage h=4, k=32, N=512, p=4. (b) Amplitude error (dB). (c)
Phase error (degrees).

and
20 log,, R= —20 dB. (AS0)

It is apparent that, as the complexity of the reflection
coefficient increases, & must be increased to minimize
amplitude and phase errors. A lower limit for 4 could then
be approximated by the following value:

Bogn = 4. (A51)
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Fig. 11. (a) Amplitude of the inverse Fourier transform of the detected

voltage h =8,k =64, N=512, p=4. (b) Amphtude error (dB). (¢)
Phase error (degrees).

Recalling (20), (23), and assuming Af is the —3-dB
width of 10 log,, (1—|v(f)|?), the following inequality
must be satisfied for minimizing amplitude and phase

€ITOrS:
h

€N min
INESE S
IAf=600 MHz-m
where ¢=3.10. m/s and h,, = 4.

(A52)
(A53)
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At f,=200 GHz and for /=3 m, the maximum mea-
surable Q-factor should then be equal to

Qo= (a4
Qrax =1000 (/=3 m) (AS5)

where

h .
B fyin = 522 (AS6)
and

Afin = 200 MHz. (A57)
At f, =20 GHz, the maximum measurable Q-factor is

then equal to
Qax =100 (1=3m). (A58)

For a given delay-line length /, this technique appears
therefore better suited for measurements in the millimeter-
wave range.

In practical cases, however, the broadening of Q,(x),
Q,(x—1), and Q,(x —2/) caused by the convolution oper-
ation of W(x), G(x), and P,(x) with the IFT of p,, p,,
and p, may impose a higher value for 4. This value could
be reduced closed to the minimum 4, if the following
conditions are met: '

1) g(») and p,(») are quasi-uniform functions over the

finite sweep width; 7
2) the set {p,(»)} is a set of band-limited functions;
3) effects of noise, departure from square-law detec-
tion, amplitude and frequency /phase jitter, and drift
are minimized.
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