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Based Techniques for Microwave
and Millimeter-Wave

—

‘1’ransmission/Reflection Test Sets

ANDRE BOULOUARD

Abstract —A technique for filtering hardware-related errors and obtain-

ing amplitode/phase information, with the aid of precision delay lines and

swept-freqnency 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 techuique 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 mnplitnde/delay transmis-

sion/reflectirnr parameters.

I. INTRODUCTION

~ ~ARIOUS TECHNIQUES HAVE been used for mea-

Quadrat, c detector Rece, veP
Signal p.ocesslng unit

?--+++=

Swept-frequency s.aurce
Lenrath I

v suring transmission/reflection parameters at micro-

wave frequencies. In the millimeter-wave range of frequen-

cies, the two most promising methods are actually the ‘ig

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.

1. Simplified block diagram of the proposed swept-frequency vec-
tor reflectometer.

In the proposed techniques, system-related errors ‘0”’” e
r.

Load

(VSWR, directivity) are sorted out by the joint use of & ~;

precision delay lines, a swept-frequency source, and soft- ?’-:

ware filtering. Fig. 2. Flowgraph representation of the vector reflectometer.

The tech~ique is successively applied to a vector re-

flectometer (unmodulated swept-frequency source) to ob-
D3!ay-l, ne

tain amplitude/phase information and to a
transmission/reflection test set (amplitude-modulated

swept-frequency source) to obtain amplitude/delay infor-

mation.

‘O”’” T’oad
II. THE SWEPT-FREQUENCY VECTOR Detect.. &_ 1

~(d+@
e

REFLECTOMETER
Fig. 3. Flowgraph representation of the vector reflectometer equvalent

A. Description
error model.

Fig. 1 shows a simplified block diagram of the proposed the delay line, creates a reflected wave which is homodyned
vector reflectometer. The unknown DUT, at the far end of with the wave reflected from the short circuit, through the

attenuator used for the delay-line loss compensation, at the
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detector [1 1].

tions, Lannion-B, 22300 France. Fig. 2 shows a flowgraph representation of the vector
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defined as

q(v)= w(v). p(v).

The IFT of q(v) is then defined as

Q(x) =IFT[q](.x)

Q(x) =~’muq(v)e2nJuXdv
Vm,”

Q(X)= QO(X)+ ~ (Q,(x–il)+Qf(-
i=l

where

W(x) =IFT [w](x)

G(x) =IFT[g](x)

P,(x) =IFT[p~](x)

Q,(x) = IFT [q, ]* P,* G*W(x)

where the operation * denotes convolution.

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~ = AeJ+a, (1)

where the equivalent transfer function from source to

detector is defined as

–2((X+Jp)/
/leJ+ z d + Cy’e _2(a+JB), .

1– ryXe
(2)

by theThis measurement system is defined electrically

following set of frequency-dependent parameters:

source output wave

source output power

quadratic detector transfer function

reference vector

coupled vector

coupler through-port reflection coefficient

unknown reflection coefficient.
The real ~alues taken by the q(v) function leads to the

following properties of the IFT Q(x):

The set of system parameters a,, p,, g, d, c, and r is

independent of the DUT and delay line but is dependent

of the actual source/coupler/detector configuration.

Re {Q(x)} is even

Im {Q(x)} is odd

Q(x) is defined entirely for x >0 or for
X<().The detected voltage is then given

P=d%lz
p=gA21a,12

p = gA2p,.

by

(3)

(4)

(5)

The filtering process of QO(X), Q, (x), and Q2(x) becomes

possible only if the delay-line length 1 and the “ wavenum-

ber width” Av of q(v) comply to the following inequality

(see Appendix III):

It can be shown that the detected voltage is equal to the

sum of the following infinite series (see Appendix II):

1) Coaxial Delay Line:

f
v=— (18)

c

Av = kf (19)
c

~=1

where p, and p,* are complex conjugates.

C. Filtering Technique

The reflectionless delay line is mainly characterized by

the wavenumber v defined as
lAf>+ , (20)

(7) 2) Waveguide D clay line:

/()f k’~=— 1––.
c f

(21)
The system parameters a., p,, g, d, c, and r are generally

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

terms.

The wavenumber v is now swept linearly from v~,. to

ma and the detected voltage is recorded to obtain thev

function p(v) defined as

(22)

p(v) =po(v)+ ~ (pz(v)e-J2n’’1 +p~(v)eJ2m’v/). (8)

(23),=1

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

cally by applying a filter to the inverse Fourier transform

(IFT) of p (v). 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 q(v)

This inequality could be satisfied for sufficiently low-Q

devices and system parameters for which the set {q, (v)} is
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a set of” band-limited” functions in such a way that the set

of IFT {Q, (x — d), Q,*(— x – d)} and, particularly QO(x),

Q, (X – 1), and Q2(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

IQO(0)I (see Appendix III). The filtering process of Qo(x),

Q, (X – 1) and Q2(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 qo(v), ql (v), and qz(v) [15].

D. Unknown Reflection Coefficient Estimation

In the case of effective filtering, the unknown y. is

determined, in amplitude and in phase, after further

processing of the previously obtained parameters POX,p 1.,

and pzX.

First, the R and OR terms are eliminated from (A26),

(A27), and (A28)

~p, (CI’xf-2”’)2
‘pox –w,D2 (24)

1– (Rrxe-2a’)2

–2.[ _ P2X
ReJ~R. yxe – ~ (25)

P1. = yxgp,Dce
–2a/+j(Oc–@~) + %

P,x (pox - POD) (26)

P,x-&(Pox-PoD)

1’. = (–~~/+J(+, –+ D))
(27)

gp~ DCe

where

PoD=gP#2. (28)

A calibration technique is necessary for determining the

system parameters gP,DCe–2”1~Jc~’–4D), and po~.

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 po,, p,,, and pz, are filtered and the

short-circuit reflection coefficient y, is obtained from

P Is :: (pOS - pOD)
.—

y,=
–2cd+j(+0–+D) “

(29)
gp~DCe

The unknown reflection coefficient yX is now equal to

Plx ‘~(pOx-pOD)

Y.. = Y, (30)

Pls– ~(pOS-pOD) “

The parameter po~ maybe obtained from one of the two

following methods.
i) The short circuit is displaced with an offset length

d/2 and the three parameters pod, p ,~, and pz~ are filtered;

the offset short-circuit reflection coefficient yd is then

obtained from

yd=e –27r]vd
“l’.. (31)

The parameter poD is then the solution of the following

equation:

Pld ‘~(pOd–pOD)

e–2~Jvd = (32)

PI. ‘~(pOS–pOD)

and is given by

POD= pls(pl:-pOdp2d) -pld(pl:-pOsp2s) e-2n’vd

pldp2,e ‘2TJvd – pl,p2d

(33)

ii) Alternatively, a precision matched load may be

inserted at the far end of the delay line and the zero-order

parameter poc filtered. As there is no perfectly matched

load in practice, the poD term can only be obtained ap-

proximately from

(cre-2al)2

Poc ‘gpsD2 +gp, c (34)
+/roe-zay

(Cre-zdy

pOc = pOD, if c <<D’. (35)
l–(RrCe-2”1)2

The unknown yX is now inserted at the far end of the

delay line and the three parameters pox, p ,x, and p2X are

filtered; yz is then obtained from

A.

HI. THE SWEPT-FREQUENCY

TEST SET

Description

AMPLITUDE/DELAY

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 IIUT 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

Ps=lqz source output power
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Fig. 4. Simplified block diagram of the proposed swept-frequency am-
plitude\delay test set.
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Fig. 5. Flowgraph representation of the transmission/reflection test set

equivalent error model.

Signal

Equivalent
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p.ocess, ng

dev, ces unit

Fig. 6. Equivalent 2-port devices for the transmission\reflection test set.

g., g, C and T quadratic detectors transfer

functions
d z D~J@D leakage vector
c = CeJ~C coupled vector
ri = RieJ~R! coupler through-port ( rl ) and T-detector

(rz) reflection coefficients
t z TeJ@T transmission vector.

The set of system parameters a,, p,, g=, g~, d, c, r,, r2,

and t 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
~,,i =

lbiJJ;~
(37)

‘r*J= .—
dw” “

(38)

By neglecting terms above first order in D, R 1, and R z,

the transfer functions of the equivalent 2-port reflection

and transmission devices are given, respectively, by

(Ae’”)c = d + csiie ‘2(cI+JB)/ + ~r,s~e–4(a+J@)[

+ crzsz1s12e–4(a+jB){ + c . . (39)

(44~@)T=ts,,e–2(a+JW + tsJzrlsize–4(a+JBY

+ ts,, r2sj1e ‘4(fi+Jfi)! + . . . . (40)

These two equations are jointly developed under the

following form:

AeJ~ = ~ AneJt’n (41)
~=()

AeJ” = X+ jY (42)

where

X= : Ancosqq (43)
*=()

Y= ~ Ae sin@. (44)
~=o

p=2Tv (45)

~n=27rnvli-qe. (46)

The amplitude information delivered by the synchronous

receiver is defined as

where

g=gCorg~. (50)

The TPG informatiori is defined as

(51)

dX dY

‘x – ‘z
‘T= (52)

A2 “

The data processing may be performed on an auxiliary

parameter e defined as

e=p.~ (53)

( ‘x –Xge = w. ,Y~ ) (54)

where

&

‘n=–dw
(56)
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and

(57)

In the case of “low-Q” DUT, the previously detailed

filtering technique may now be applied successively to p (v)

and e(v) to obtain the following zero-order terms:

This set of basic equations must now be further processed

to obtain the unknown set of DUT reflection/transmission

parameters {S;, ~,~}.

C. D UT Reelection /Transmission Parameters Estimation

The set of first-order reflection parameters {An, rn }C is

given by

AO=D (60)

Al = CS,, e–2”[ (61)

d~~

70=– dw
(62)

‘r, ==70C+ 7,, (63)

where ~oCis the system residual reflection TPG given by

‘rOc= 21g – ~ (64)

The set of first-order transmission parameters {Au, ~n}~

is obtained from

AO=O (65)

A1=TS
J1 (66)

ro=o (67)

‘T~= TOT+ ~t (68)

where ~o~is the system residual transmission TPG given by

(69)

By neglecting second-order terms and above in D, R,,

and R z, the following closed-form solutions are obtained

after filtering of the measured parameters p and e:

Poll = gcp.yc’%e-’a’ (70)

eoi, = gCp,C2S,~e- 4“’( To, + ~,,) (71)

Po,, = .gTp.T2s,:e-4a[ (72)

22 -’”’(TOT+ ~l).eoj,= gTPsT $,e (73)

The unknown sets of parameters are then given by

$:= PO,,

gcp,C2e-4a’

eon
~[2= — — Toc

Po,,

POjz
$ =

grPsT2e–4”i

‘OJ1
~,=—— TOT.

PO],

(74)

(75)

(76)

(77)

A calibration technique is necessary for determining the

system first-order parameters gcp,C2e–4”’, gTp, T2e–4”1,

roe, and ~o~. 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 PO, and eo~

Po. = g,p,cze–’ai (s’ =1) (78)

eos = Po$~oc (71,, = O)’.’s (79)

The unknown DUT reflection parameters S,l and ~,, are

then given by

s,,’ – poll (80)
PO.

eon eos~1,=— —----- (81)
Po,, PO,

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 PT and eT to obtain the zero-order transmission

parameters poT and eoT

poT = gTp,T2e-4a’ (S’T=l) (82)

eoT = J70TTOT (lj,T= o). (83)

The unknown DUT transmission parameters S,, and ~,

are then given by

~’ - POJ
[1

pOT

‘OJZ ‘OT
?! —

Po,, pOT

IV. CONCLUSION

(84)

(85)

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

Q ‘~mm
mm

(86)

The maximum measurable Q-factor is then proportional
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to the delay-line length 1, and to the frequency&

For a given delay-line length 1, 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:

bl =Sllal +S12a2 +S13a3 (Al)

b2 = S21a1+ S22a2 + S23a3 (A2)

b3 =S31a1 +S32a2 +&3a3 (A3)

al =plbl +a, (A4)

a2 = p2b2 (A5)

a3 = p3b3 (A6)

where

{S,,} 3-port device s-parameters

{b,} 3-port device output waves

{a,} 3-port device input waves

{p,} external reflection coefficients

as source output wave.

The standing wave at the detector input is defined as

bd=b3+a3. (A7)

When the former set of equations is resolved to obtain

bd, the standing wave at the detector input is expressed as

(bd = ~ + cyxe-z(”+~p)i )–2(a+Jp)/ as
(A8)

1– ryxe

where

yxe ‘2(d+JB)t = P2 (A9)

(l+p3)s3,
d= (A1O)

l–p,s,, –p3s33+p,3(s, *s33 –s,~s~,)

S22– P,(S,,S22 – S,2S21)– P3(S33S22 – ‘32s23)

+ P,P3 [s33(s,,s22 – S1ZS21)+ ‘23(s12s31 – ‘11s32)

+ S,3(S2,S32 – ‘31s21)]

r=

l–p,SI, –@33+p Ip3(sIls33-s13s31)

(All)

(l+p3)(s32s2t –s3,s22)
c=

l–p,s,, –p3s33 +p*p3(s,,s33 –s,3s31) “
(A12)

11 “79

APPENDIX II

The transfer function bd/a, is represented as the sum of

the infinite series

where

AO=D

Al = ~~xe–z~[

+l=(i–l)(– Bl+ox++R)++,.
The detected voltage is then given by

p = gp,A2

m cow

[

crxe–2”’
p=gp, D2+

–2d 2l–(RrXe ) 1

‘2gP. j DCrxe-2a1(Rrxe-2 al)i-1
,=1

(A13)

(A14)

(A15)

(A16)

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

m (~r e-2d)2

‘2gpsi~’ 1-(&=2”’)2 Cos ‘z(-p’+ox+oR))

(A23)

‘J@l + p,*eJ@
P=po+ i (pie ) (A24)

,=1

where

P,=[a.12 source output power (A25)

(A26)

[

(CI’xe-2”’)2
Po=w. D2+

–2al 2
l–(~l?xe ) )

[

(crxe-2”’)2

P 1= gp, Dc6?J~~-~D) +

)

ReJ$bR Yxe–zal

–2cd 2l–(Rrxe )

(A27)

p,= (ReJ~Ryxe–2a/)’ –1p,. (A28)
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APPENDIX III

The filtering process of QO(x), Q1 (x), and QJx) re-

quires the uncorrelation of QO(X), Q, (x – /), and Qz (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

n
Vn= VO+ ‘(vN/z — ‘–N/2

N ). (A29)

The reflection coefficient is defined by the following

minimum-phase approximation:

where

p.

k=

h=

/jv=

p,=

~i =

13i=

G=

N=

y(n)= (A30)

number of poles and zero

2z(vN/2– ‘-N/2) (A31)

21*Av (A32)

– 3-dB wavenumber bandwith of

10 loglo[l– Iy\Z]

– sin 0, + jcos O, (A33)
G1/P. p, (A34)

n(l+-iz)

2V ‘
i= O,l,. ”.,p–l

reflection coefficient minimum amplitude

number of samples.

The following and somewhat idealized

then made:

d = ~e–2(~+2TJV,)[

R = ~e–2(cX+2TJV~)[

l=gp,ld 12.

(A35)

assumptions are

(A36)

(A37)

(A38)

The detected voltage is given by

y(n)e –2vJ(nk/N) 2

p(n)= 1+
1– Ry(n)e–2TJ(nk/Nl “

(A39)

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 q(n):

27rn 4rn 6rn
w(n) =aO+al cos ~+a2cos~+a3cos~

(A40)

where

aO = 0.35875 (A41)

al = 0.48829 (A42)

a2 =0.14128 (A43)

a3 =0.01168 (A44)

q(n) =w(n). p(n). (A45)

R(m) (dB) h- 4 k= 32 N- 512 P- 1

a

-10 L fl

(a)

Rmpl .mrror (dB) h- 4 k- 32 N- 512 P- 1
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Phase error (deg. ) h- 4 k- 32 N- 512 P- 1
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7
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(c)

Fig. 7. (a) Amplitude of the inverse Fourier transform of the detected
voltage h = 4, k = 32, IV= 512, p = 1. (b) Amphtude error (dB). (c) Phase

error (degrees).

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

~=N/2—1

Q(m) = ~ q(n)e2m’(m”/N). (A46)
~=—N/’2

Next, ~O(n), ~1(n), and 42(n), estimates of qO(n), ql (n),

and qz ( n ) are obtained after filtering and DFT of each of

the partial discrete IFT’s located at m = O, k, 2k, in Q ( m);
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Fig. 8. (a) Amplitude of theinverse 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)

‘(’’= ---(% $”1)’‘A”)
The amplitude of Q(m) and the amplitude/phase errors

are then defined respectively as the following functions:

20 loglol Q (m )1 = A (nz) amplitude of discrete IFT of

q(n) in dB (A48)

R(m) <dB)

a

-10

-2B

-3@

It

1181
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Fig. 9. (a) Amplitude of the inverse Fourier transform of the detected

voltage h =8,k=64,N=512, p =2. (b) Amplitude error (dB). (c)

Phase error (degrees).

20 log,, - amplitude error in dB

zy(n)– Ly(rz) phase error in degrees.

These functions are plotted in Figs. 7– 11 for

combinations of the 3 parameters p, h, k and for

N=512 samples

20 loglo G= –20 dB

various

(A49)
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Fig. 10. (a) Amplitude of theinverse Fourier trrmsformof the detected
voltage h=4, k=32, N= 512, p=4. (b) Amplitude error (dB). (c)
Phase error (degrees).

and

20 loglOR= –20 dB. (A50)

It is apparent that, as the complexity of the reflection

coefficient increases, h must be increased to minimize

amplitude and phase errors. A lower limit for h could then

be approximated by the following value:

htin=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). (c)
Phase error (degrees).

Recalling (20), (23), and assuming A f is the – 3-dB

width of 10 log,0 (1 — Iy($) 12), the following inequality

must be satisfied for minimizing amplitude and phase

errors:
ch tin

[Af >—
2

(A52)

lAf z 600 MHz. m (A53)

where c = 3.108 m/s and h~,n= 4.
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At f.= 200 GHz and for 1= 3 m, the maximum mea-

surable Q-f actor should then be equal to

Q
fo_—

mm” Afti
(A54)

Q ~m=lOOO (1=3 m) (A55)

where

ch ~
Afti = ~ (A56)

artd

A fti = 200 MHz. (A57)

At f.= 20 GHz, the maximum measurable Q-factor is

then equal to

Q ~==100 (l=3m). (A58)

For a given delay-line length 1, this technique appears

therefore better suited for measurements in the millimeter-

wave range.

In practical cases, however, the broadening of QO(X),

QI (x – 1), and Q.Jx –21) caused by the convolution oper-

ation of w(x), G(x), and P$(x) with the IFT of Po, Pl,

and pz may impose a higher value for h. ‘1’his value could

be reduced closed to the minimum h ~ if the following
conditions are met:

1) g(v) and p. (v) are quasi-uniform functions over the

finite sweep width;

2) the set {pi(v)} 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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