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av = 1.9 percent, Imaxl = 5.4 percent (at three points, for W/XO

> 0.8)
3.8< fr< 9.8

0.0015 <w/A. <0.075

[
N/AO = 0.9217 -0.2771nc, +0.0322( W/d) ~ ~,d ~0435) 1

1/2

[

3.65
–O.Olln( d/&) 4.6–

c;~~(9.06 – 100 W/AO) 1
(12)

av = 0.6 percent, Imax 1= 3 percent (at three points, occurs for

W/d >1 and c,> 6.0)

ZO = 73.6–2.15cr +(638 .9–31.37c.)( W/&)0”6

+ (36.23@:+ 41 – 225) ~W,d +~~6c _ z,
.r

+0.51( c.+ 2.12)( W/d) ln(lOOd/Ao)

–0.753er(d/&J/~~ (13)

av = 1.58 percent, max = 5.4 percent (at three points, occurs for

W/d > 1.67)
0.075< w/Ao <1.0

X/XO =1,05 –O.04C, +1.411 X10-2 (C, –1.421)

In{ W/d –2.012(1 -0.146(,)}

+0.111 (1–0.366tr)~~

+0.139(1 +0.52 c,ln(14.7– c,))(d/Ao)ln(d/AO)

(14)

av = 0.75 percent, Imax I = 3.2 percent (at two points, occurs for

W/A. = 0.075, d/A. > 0.03)

ZO =120.75 –3.74., +50[tm-’(2c,) –0.8]

[1 11 +(0.132(,, –27.7)/(100d/Xo + 5))]
.(W/d)

. in [lOOd/Ao + ~~]

+14.21 (1–0.458c,)(100 d/A0 +5.llnc, –13.1)

.( w/A. +0.33)2 (15)

av = 2.0 percent, Imax I = 5.8 percent (at two points, occurs for

W/A. < 0.1). In the above formula, tm- I(. ) assumes its prin-
cipal value.

III. CONCLUSION

A spectral-domain Galerkin method is used to compute the
characteristic impedance of wide slotlines on low-c, substrates.
Empirical formulas have been presented for the slot wavelength
and the characteristic impedance over a wide range of slot
widths. The data presented here supplement data already avail-
able on high-c, substrates.
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A Broad-Band Homodyne Network Analyzer with

Binary Phase Modulation

UWE GARTNER, MEMBER,IEEE,AND

BURKHARD SCHIEK, MEMBER,IEEE

Abstract — An automatic homodyne network analyzer system using

cascaded binary phase shifters is described which operates over the full

X-band with a high dynamic range due to an auxiliary modulation and

linear detection technique. A generaf analytic solution of the complex

nonlinear system equations is given wfdch aflows the use of a coupled

modulator/phase shifter structure. Measurement results are reported.
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H
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k,u, k,,

Zlu , kl,
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NOMENCLATURE

Modulator conversion losses for the first upper

and lower sidebands.

Modified modulator conversion losses in case

of a coupling to phase shifter 1.

Transfer function of the device under test; H =
J* DUT

aDUT e .

Weighted linear combination of all or a subset

of the complex IF amplitudes V., n =1,. .;, 8,

for an evaluation of H ideally, HR = ~H, K ~
system constant.

System constants.

Characteristic of binary phase shifter PSi, i.e.,

Ik, I + insertion loss change, arg { k, } = A@ ~

differential phase shift.

Characteristic of PSi for the first upper and

lower sideband frequencies.

Modified characteristic of PS1 in case of a

coupling to modulator M.

Double-sideband mixer input power level.

Weighting factors for the determination of the

transfer function H through HR.
Complex amplitude of the IF output signal for

the eight switching-state combinations of PSI,

PS2, and PS3.

Auxiliary Variables

ii= Bu+B[

~1 = Bu/B .klu -t B1/B .kll

B= BU– B1

~1 = Bu/~ -klu – B[/~ .kl{
U“=2Re{ ~}, n=l,...,8

1~=2j Im{~}, n=l,...,8
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I. INTRODUCTION

Until now the research in homodyne systems for the de-

termination of the complex scattering parameters of a device

under test (DUT) has mainly focused on five- or six-port tech-

niques. A traditional drawback of this type of network analyzer

(NWA) is the restricted dynamic range due to a limited resolu-

tion of the power meters [1].

This paper presents an X-band NWAsystem based on a novel

principle [2]–[4] which combines the simplicity of the RF hard-

ware used with the potential sensitivity of heterodyne detection

principles.

II. SYSTEM CONCEPT

Ablockdiagrammof the NWAcircuit isgiven in Fig. I. The

object connected to the test ports of the system may either be the

DUT itself for transmission measurements or a test set for

combined transmission/reflection measurements.

A homodyne linear downconveriion of the test signal (employ-

ing, e.g., a balanced mixer) only yields the real part of its

complex amplitude. However, amplitude and phase information

are gained if the test signal is subjected to a digitaf triple-phase

modulation prior to frequency conversion using three decoupled

binary phase shifters PS1, PS2, PS3 [2]-[4]. An additional ampli-

tude or phase modulation with a modulation frequency of, e.g.,

j~ = 10 kfi together with a synchronous detection in the inter-
mediate frequency (IF) range increases the sensitivity of the

system since it allows a low-noise narrow-band amplification of

the IF signal for a better noise reduction.

The position of the modulator is determined by technical

considerations. The backward isolation of the chain of phase

shifters attenuates the LO signal leaking through the mixer which

—if reflected at the modulator—yields a disturbing crosstalk.

Because of the use of three decoupled digital phase shifters, the

transfer function of the series connection of PS 1,2,3 can adopt

eight different values, and thus the modulated test signal is

converted to an IF signal of 10 kHz with eight different and in

general complex amplitudes ~, n = 1,...,8.

A fast but approximate evaluation of the test signal from the

measurement data is obtained-save for a complex system con-

stant — with increasing accuracy from a weighted sum of 2, 4, or

8 of the comple> amplitudes ~, n = 1,....8.

An exact solution of the system equations is time consuming

and requires a minimum of three decoupled phase shifters. It

yields the complex amplitude of the test signal as well as the

characteristics of PS 1,2,3 —which are needed for the weighted

evaluation-irrespective of the amplitude and phase of the test

signal. Thus, it is very useful as a calibration algorithm.

III. SYSTEM EQUATIONS

Consider a test signal with a complex amplitude K.. H where

K. is a system constant and H is the transfer function of the

DUT (including error terms for crosstalk, mismatch, etc., which

have to be removed by calibration measurements). This signal is

fed to a modulator M operating at ~~ =10 kHz with the conver-

sion factors Bu and B, to the first upper and lower sidebands and

three cascaded and decoupled phase shifters with their respective

characteristics k ,U,,, i=l,. . . ,3, where the k,w,, describe the phase

shift and insertion loss changes of the binary elements for the

upper and lower sideband frequencies.

The complex amplitude of the IF signal after a bandpass

filtering with a center frequency fC = jm is obtained as the sum of

the complex RF amplitude of the upper sideband and the com-

plex conjugate of the RF amplitude of the lower sideband.

RF-source
moduIator d)g!tal phase sh!fters

dewce under test ~ + –———–-

1 IIreference f~=lO!?Hz
(LO) II

J J
system

control $C
processor

Fig. 1. Computer-controlled homodyne X-band network analyzer system.

Therefore, the following eight system equations are valid:

VI= KHBU + K*H *B,* (la)

V2 = KHBuklu + K*H *B~kf, (1.b)

R = KHBuk2u + K *H *B,*k:[ ( lC)

V4= KHBuk3u + K*H *B~k:[ (Ild)

A solution is sought for the complex transfer function from the

set or a subset of the eight complex IF amplitudes Vn, n =1,. ..,8,

where the integer n relates to the eight possible switching state

combinations of the three binary phase shifters PS 1, 2, 3.

In general, the equations (la)–(lb) form a system of eight

complex equations for the eight complex unknowns K. H. Bu, K *

oH*. B?, klu, kz, kzu, k~[, k~u, kf[ since the conversion factor B
as well as the phase shifter characteristics k, may differ for the

upper and lower sideband frequencies. Obviously, it is not possi-

ble to solve (la)–(lb) directly for H. This unknown has to be

determined from a solution for either K H- BMor K* -H*. B?. If

the modulation frequency is chosen small compared to the band-

width of the phase shifters and if a decoupled amplitude modula-

tor with symmetrical sidebands (Bu = B{) is employed, it is a

good approximation to assume Bu = B,, k,u = k,,, whereby

(la)-(lb) degenerates to a system of eight real equations in four

complex unknowns. The use of a single-sideband modulator

(Bu # B,) will lead to a system of eight complex equations in five

complex unknowns for kiu = k,l, i =1,2,3.

Assuming a mutuaf coupling of M and PS1 the conversion

factors Bu,, will no longer be independent of the setting of PSI,

i.e..

VI= KHBU + K*H *BP (2a)

V2= KHijjlu + K *H *ii~i; (2b)

where the tilde denotes the modification due to coupling. This

can be taken into account by assuming a modification of the

characteristics kl.,,

%/= ~u,I/%I”k I. (3)

Then a nonlinear system sirniliar to (la)–(lb) with at least six

complex unknowns K. H. B., K*. H*. B:, klu, k~, k2u=k2[=
k2, k~u = k,, =*3 will result.
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IV. ALGEBRAIC SOLUTIONS

A possible way for an exact and general solution to the

complex system in eight complex unknowns is given in Appendix

A.

Since the evaluation of the transfer function H via (A8)-(A1O)

involves a lot of complex algebra, it may be unsuitable for

real-time applications. The computing effort may be reduced if

one of the speciaf cases (e.g., k, ~ = k,[, i = 2,3) discussed above

is encountered and if this knowledge of the unknowns is applied

while solving (la)–(lb).

It is shown in Appendix B that a system of eight complex

equations with up to six complex unknowns may be solved for

the complex amplitude of the test signal KH by separating the

equations (Is)–(lb) into their real and imaginary parts and by

solving only the real subsystem. If necessay, further information

about the rest of the unknowns may be obtained by using up to

four equations of the imaginmy subsystem.

As a practical outcome in nearly all cases considered here, only

the real part of the IF signal has to be sampled, and thus the

amount of data to be handled is reduced, computation is facili-

tated, and thus the system speed is enhanced.

V. AN APPROXIMATE SOLUTION

For a still more rapid evaluation of the measurement data, it is

advantageous to determine the test signal with the help of a

different algorithm, a linear combination of two, four, or eight of

the complex quantities V., n =1,. ..,8 [2]. Using, e.g., only PS1

and PS2, one obtains Vl, ~,~,~ and may form a linear combination

HR = VI +plV2 +p2V3 +plp2~

=KHBu(l+plklu)( l+p2k2u)

+K*H*B~(l+ plkfi)(l+p2k:,), (4)

It is obvious that the right choice of the p, is given by

p{ = – l/k~ (5)

which leaves

HR = iiH (6)

where K is a complex system constant. Since the error term in (6)

resulting from a poor choice of the p, is of second order, only

good estimates for the kj have to be provided.

VI. DATA ACQUISITION AND SYSTEM CONTROL

In order to acquire the complex IF amplitude V., n = 1,..-,8, a

synchronous modulation and sampling process is used.

Following the setting of the phase shifters, a quartz stable

square wave signal of ~m =10 kHz is applied to the modulator.

After the decay of the transient response of the bandpass filter,

the sinusoidal filter output is sampled and digitally converted

each quarter of a cycle to yield the real and imaginary parts of V

(the chosen settling time is 15 cycles and 3 cycles for sampling).

The data acquisition unit includes a software-controlled prescaler

amplifier to enhance the dynamic range of the system.

The network analyzer setup is linked to a microcomputer

system (p C) by a special subprocessor unit (Fig. 2) which is

devoted to control frequency, RF phase shift, modulation, and

data acquisition with automatic gain control.

The measurement values are stored in a 2 kbyte data buffer.

After completion of one data acquisition cycle, the microcom-

puter gains access to the data storage area using bus multiplexer.

t 1

+

to RF-source

frequency control bus
control )P - centrol to UC

Z80A I/O-port

F]g. 2. Subprocessor for automated data acquisition and system control.

t: /-/

~/

dB -- ,/ =.
\ y-

—- \
\,_

0 70”
— —Ik,l

_ arg [k,]

-1&o”

T-2:
85 95 105 11 5GHZ

f—

Flg 3 Characteristic /rl of pin-diode “switched-line” phase shifter PSI;

arg { /cl } = differential phase shift: \frl I = insertion loss change; obtained via

the algebraic solution (A8).

VII. DATA PROCESSING AND MEASUREMENTS RESULTS

For an increased system speed, only PS1 and PS2 are used

together with a weighted evaluation of the measurement data

,,,,,,, (see Section V). As. a prerequisite, estimates for thev
characteristics kl,, k2, have to be available. These are provided

by a single measurement cycle over the frequency range employ-

ing three phase shifters and the algebraic solution for kfi, k j, of

(A8) and (A5). They are stored together with possible additional

calibration terms derived from error correction measurements.

The characteristic kl of PSI (decoupled pin-diode “switched

line” phase shifter, k,u = k,,) is shown in Fig. 3 for 32 discrete

frequencies in the range of 8.5–11.5 GHz as given by the exact

solution of (A8).

To check the broad-band measuring capabilities of this system,

the transfer phase of a precision waveguide phase shifter (HP X

855A) has been measured in the range of 8.5-11.5 GHz for the

settings of the DUT of O, 45, 90°, . . . . The maximum deviation

of the calculated values from the reading of the DUT were

limited to +/–30 over the whole frequency range, but this

includes the nonideality of the reference phase shifter.

The dynamic range of the system is demonstrated by Fig. 4.

The DUT has been realized by a series connection of two

waveguide attenuators and a precision waveguide phase shifter.

Phase linearity errors are fimited to approximately +/– 0.8° for

a double-sideband mixer input power level ( PRF ) of – 20 dBm

up to +/–3° forP~~= –80dBm.

It is interesting to note that Fig. 4(a) and (b) compares well

with typical phase error curves for commercial rotary vane phase

shifters as given, e.g., in [6], which show a strong “second

harmonic” component. From this, it may be concluded that the

systematic phase detection errors which stem from a nonideal
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+1”.-

-1“-~

I

o“ 90” 180” 27o” 360”
VDUT—

Fig. 4. Deviations of the calculated phase arg ( IIR } from linearity versus the

transfer phase ~~u= of a calibrated rotary vane phase shifter for a double-

sidebarrd mixer input power level of – 20 to – 80 dBm, ~ =10 GHz,

vector–voltmeter operation of the triple-stage phase shifter con-

figuration are at least below & 0.5°. For lower power levels, the

phase error increases and displays a significant “first harmonic”

error component, which is typical for crosstalk interference. Such

errors may be reduced by system error correction procedures, but

should be minimized in advance by an improved system design,

like better grounding, shielding, and backward isolation.

Some efforts have yet to be made to improve the signal-to-noise

ratio, which at present is limited by the interference of the

computer clock, pulse. A substantial improvement is expected if a

refined IF circuit~ is used.

VIII. ACCUWCY LI~TS Dm TO SYSTEMATIC ERRORS

The nonideal behavior of the network analyzer circuit due to

test-port mismatch, directivity, and crosstalk can be minimized

by standard means if the vector voltmeter operation of the circuit

itself is exact. The latter is mainly influenced by the coupling of

two neighboring phase shifters used.

The only important interaction of the phase shifters stems

from a switching-state-dependent reflection coefficient rol + / –

AI’, 1’,2+ / – AI’ of the output port of, e.g., PSI, and the input

port of PS2 if the phase shifters are operated between a matched

source and a matched load.

A numerical example shows that a 1A rl of – 20 dB together

with an isolation of 20 dB will yield worst case phase and

amplitude errors of 0.06° and 0.009 dB, respectively.

Measurement errors due to poor weighting factors are within

the same limits if arg { kl }, Ikl I are known within an error limit of

+/– 5° and 0.5 dB, respectively. This is absolutely assured if

they are provided by the exact solution of (A8).

IX. CONCLUSIONS

The homodyne network analyzer system reported exhibits

broad-band measuring capabilities as well as a high sensitivity.

Phase detection errors are limited to +/– 0.8° for a mixer input

level of – 20 dBm with an increase up to + / – 30 for a mixer

level of – 80 dBm and should be improvable. On account of its

simple RF structure the system may serve as a model for a

millimeter wave network analyzer to be developed.

(A8)

APPENDIX A

A short outline of a general algebraic solution of the system

(la)-(lb) of eight complex equations in eight complex unknowns

K. H. BU, K*. H*. B:, klU, k:,, k2U, k:,, k3U, k?j, shall be given

here.

Multiplying (la) with kfi” and subtracting it from (lb) yields

V2 – Vlk: =KHBU(klU – /zj). (Al)

Applying the same procedure to (lc) and (le), (Id) and (H), ( lg)

and (lb), one obtains

~ – ~kfi =KHBUk2U(klU – kfi) (A2)

~ – V4kj = KHBUk3U(klU – kf{) (A3)

Vx– V7k~ = KHBUk2Uk3U(klU – kfi). (A4)

Dividing (A2) as well as (A3) and (A4) by (Al), we gain three

functional relations

kz.=.fz{kfi}; k3U=f3{kfi}; k2U.k3U =f23{k~ }

with

k2u=f2{kfi} =(K – ~kfi)/(V2– Vlkfi) (A5)

k3u=f3{kfi} =(% – ~kfi)/(V2 – ~kfi) (A6)

k2U. k3U =flq{kfi }

= (K - V7kfi)/(~ - Vlkfi). (A7)

Therefore, one may solve a quadratic equation in kfi

L{kil}”.fg{kit} ‘fn{kfi}

which results in the solution

k~=u+/–j. w

with
b W=da

“xl 2a
and

a= V34—F’17; b=~5+V36– V18– V27

C= V56–V28; vmn=vm.~; m,n=l,. ..,8.

Exactly the same solution is obtained for klU if (la), (lc), (id),

(lg) are multiplied by klu instead of k,, and if the same

procedure as outlined above is followed. It is seen that both

unknowns klu, kfi only differ by the sign of the root in (A8). For

the special’case of klu = kl, it may be shown that u as well as w

are real quantities, and therefore k: = u + / – jw and kl = u –
/+ jw, as is to be expected. The ambiguity of the sign still has to

be resolved by some information about, e.g., kl, for instance,

whether the phase change of PS1 is positive or negative. The

same derivation holds if VI . . . V8 are real [4, eqs. 2, 7–10].
The phase shifter characteristics kzu, k3. are now obtained via

(A5) and (A6), whereas kj, and kfl are gained from (A5) and

(A6) by replacing kfi by klu.
Finally, with the help of (A8), the complex amplitude of f.he

test signal is obtained from (la) and (lb)

KHBU=:.(Vi+/–j(V2–uV@) (A9)

or

K*H*BT=; .(vl–/+j(v2 –uvJ/w). (A1O)

The unknown system constants K. BU,K. B, are determined by

replacing the DUT by a known through connection or— for high

precision measurements—using calibration standards for vector

error correction procedures [5].
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APPENDIX B

It will be shown that—under certain circumstances-the com-

plex amplitude of the test signal maybe obtained analytically by

using only the real part of the complex amplitude of the IF signal

Um=2. Re{~}=~+V~*, ~=l,. ..,8 (Bl)

where the IF amplitudes V. are given by (la)–(lb). For this

purpose, the characteristic of at least two phase shifters must

meet the requirement that its value is equal for the upper and

lower sideband frequencies. The specird case k2U = kzl = kz,
k~u = kql = kg, and BU + Bl, kiti # kl, shall be considered here as

an example.

With the help of (Bl), one obtains U1 from (la)

UI=K.H. (BU+BI) +K*.H*. (BU+BI)* (B2)

and in a similar fashion one obtains U2 from (lb) via (Bl)

U2 =KH(BU +B,)[BU/(Bu +B,)”k,. +B1/(Bti+B~). ku]

+K*H*(BU+Bl)*

.[BU/(BU +B,).klU +B1/(BU+Bl)kll]*. (B3)

The rest of the real parts U3– Ug may be written in analogy to

(B2), and (B3), and one arrives at a system of eight real equations

in four complex unknowns

U,= KHii + K*H*B* (B4a)

U2 = KHBil + K *H *B*~: (B4b)

U3 = KHiik2 + K*H*B*k~ (B4c)

Ud = KHBk3 i- K*H*B*k: (B4d]

U5 = KHBilk2 + K*H *B*ic~k~ (B4.5)

U6= KHiiiilk3 + K*H *B*i~k~ (B4f)

U,= KH~kzk3 + K*H *i*k:k: (B4g]

Ug= KHBitlkzk3 + K*H *B*i~kfk: (B4h]

where the abbreviations

B= BU+BI (B5)

and

icl = BU/B .klU + BI/B .kl, (B6]

have been used. This n~tation includes the special cases ~1 = kl
forklU=kl, =kl and B=2Bfor BU=B1=B.

It is seen that the system (B4a)–(B4h) is structurally identical

to (la)–(lb), and a solution for the unknowns KHB, ~1, kz, kq is
readily obtained from (A9)L (A8), (A5), (A6) by replacing ~ by

~, KHBU by KHB, klU by kl, and k2,3U by kl,~.
The solution to the real subsystem thus yields the complex

transfer function of the DUT multiplied by the average of the

modulator conversion factors BU and B, and a complex system

constant K. Both unknown constants have to be removed by one

calibration measurement (cf. Appendix A). Furthermore, a

weighted average of the phase shifter characteristic klU,, for the

upper and lower sideband frequency is obtained. The solutions

for k2, ~ are exact.

For certain applications a separate determination of K. H.

BU, K. H. Bl, as well as kla and kl,, may be desirable. This may

be accomplished by using additional information from the imagi-

nary subsystem of (la)-(lb).

We define

(B7)

and obtain from (1a)

11 = KHB – K*H*B* (B8)

with

B= BU– B, (B9)

and from (lc)

13 = KHBkz – K*H*B*k:. (B1O)

We may now solve (B8) and (B1O) for KHB

KHii=(13- k~.11)/(k2-k~). (Bll)

With KH( BU+ B, ) and kz given by the solution to the real

subsystem and KH( Bti – B,) given by (Bll), KHBU as well as

KHB, are known.

In order to solve for kl~, ~, we may write the imaginary part of

Vz as

z:
12 = KHBkl – K*H *B%: (B12)

with & defined by (B9) and

E
kl = BU/B .klU – B1/B .klI. (B13)

Similarly, we obtain 15

Zz
15 = KHBklkz – K*H *B*i~k~ (B14)

and solve (B12) and (B14) for ~1

il=(15– k~Iz)/’K.H&(k2-k j). (B15)

Finally, we obtain klti,, from (B6) and (B13)

klu =1/2 -((Bu +B,)/Bu .kl+(Bu– B,)/Bu i,) (B16)

k,, =1/2. ((BU + B,)/B, i, –(BU - B,)/B, .il) (B17)

whereby rdl unknowns are determined.

It may easily be shown that all results given above may be

obtained irrespectively of the transfer phase of the IF circuitq or

any constant time offset in the sampling process. Nevertheless—

for practical purposes-it is advantageous to choose the fixed

point of time for the sampling of the real part near the maximum

of the IF signal for an improved signrd-to-noise ratio.
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