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l[mpedance Measurement in Frequency-Halving
Networks Using a Two-:Frequency

Synthetic Loading Technique

ROBERT G. HARRISON, MEMBER, IEEE, AND GRIGOR1OS A. KALIVAS

Abstract —A technique is described which removes a major difficulty in

the design of wide-band frequency-halving networks the accurate char-

acterization of the “pumpeF input and output impedances at the plane of

the vamctors. The procedure permits the use of reafistic input and output

power levels with the input at twice the output frequency.

I. INTRODUCTION

T IKE optimum design of parametric frequency-halving

networks employing nonlinear reactance devices such

as varactors presents problems different from those en-

countered in the design of linear or quasi-linear networks.

Although a narrow-band frequency halver has been de-

signed using a computer technique involving an optimiza-

tion strategy in the frequency domain [1], no satisfactory

method has been reported for the accurate measurement of

the” as pumped” large-signal input and output impedances

Zi~ and ZOut at the position of the varactor(s) within the

halver circuit. Values for these impedances are needed in

the design of matching networks in wide-band halvers.

The concept of “impedance” must be treated with some

caution when designing nonlinear circuits. This is because

an impedance can only be defined at a single frequency,

whereas the signals associated with nonlinertrities are typi-

cally rich with harmonics. Thus, use of the method given

here is predicated upon the assumption that the design

process has been initiated with the adoption of a halver

protctype already known to operate with relatively small

harmonic content at the input and output ports. The

balanced halvers described in [2]-[4] can satisfy this re-

quirement, whereas the si~als associated with unbalanced

halvers can have large harmonic content [1].

Thus, the method given here is not intended to bypass

the need for the selection of a satisfactory starting topol-

ogy. Rather, the intent is to provide a means for obtaining

values for the pumped impedances Z,. and Z.OUtso that

input and output matching networks can be designed using

conventional aids such as COMPACT [5]. Attempts to

optimize such networks using empirical approaches are not
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usually satisfactory, particularly in the case of wide-band

designs [2], [3].

In general, the pumped impedances Zi~ and ZOU, are

quite different from the unpumped small-signal imped-

ances and exist, for a given circuit embedding, only under

appropriate and realistic conditions of input power level

Pin and input frequency 2 U. This is because the mechanism

of parametric subharmonic generation is inherently nonlin-

ear, in the sense that there is no continuum of operational

modes between linear and nonlinear regimes; indeed, since

the halver is a threshold device, there is no linear regime.

This is in direct contrast to a GRAS FET amplifier, for

example, in which the nonlinear effects can be regarded as

perturbations c)f what is ideally a linear process.

It follows thlat Zi~(2W ) and ZOUt(@) can only be mea-

sured in a functioning halver circuit. This dilemma can be

resolved as follows.

a) Assuming ~the validity of the “pumped” varactor

impedance equations of Penfield and Rafuse [6], determine

estimates ~i.(2 u) and ~Out(u).

b) Use Zi~ and ~OUt to design a prototype halver net-

work, e.g., with the aid of a program such as COMPACT

[5].

c) Measure the external impedances Z& and Z~~ of the

resulting two-port.

d) Knowing the halver network, “de-embed” the varac-

tor impedances Zi~ and ZOut, using a suitable computer

procedure.

e) Compare Zi~ and ZOut with the estimates ~1, and

2.”,.

f) If the measured device impedances differ significantly

from the estimates, replace the estimates by the measured

values, go to b}, and iterate as necessary.

Conventional load-pull techniques [7], [8] for impedance

measurement in nonlinear two-ports require the determina-

tion of large-signal S parameters. For a specific input

power Pi. and input frequency 2ti the halver can be

characterized by
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Fig. 1. Definition of two-frequency S-matrix and reference planes for

balanced nonlinear frequency-halving two-port.

(See Fig. 1.) The validity of (1) depends on the supposition

that only the frequencies 2U and u are present at the

varactor(s). It is, therefore, assumed that:

i) The halver topology is balanced so that at the output

port, 2a and its harmonics are suppressed. Similarly, at the

input port, o and its odd-order harmonics are suppressed.

ii) The possible presence of varactor currents at frequen-

cies such as 3a, 50, . . . is prevented by means of suitable

filters.

These conditions mean that octave-bandwidth halvers can

be accommodated in the design procedure.

From (1)

~ = b,(2@)
11

al(z~) a2(u)=o

~ = b1(2Ld)
12

a2(~) q(2u)=o

~ = b2(u)

21

%(2U) .2(.)=0

~ _ b2(to)
——

22
a2(@) .1(20 )=0

(2a)

(2b)

(2C)

(2d)

A network analyzer (NA) can be used to measure Sll at

the input frequency 2 w with the output port terminated in

the system characteristic impedance 2.. The fact that the

NA cannot be used to measure the transfrequency parame-

ters S12 and S21 is of minor concern here. According to

(2)-(4), S22 would have to be determined by applying a

reverse-direction signal a 2( u ) to the output port and mea-

suring the resulting reflected signal bz( a ) from that port,

the input port being terminated in 2., so that a1(2u) = O.

An attempt to measure S22 in this way would result in the

removal of the drive power, so that not only would halving

cease, but the voltages and currents in the two-port would

be completely different from those in an operating halver.

This is so because, according to both theory [4] and mea-

surement [2], [3], the frequency halver is a threshold device.

That is, a suitable minimum input power Pi. has to be

established for operation in the halving mode. A similar

problem was encountered by Mazumder [10], [11] in the

[BS,2(a2/a, )

%1

()1b2
Im —

a2

()b2Re —
a2

(b)

Fig. 2. Circular loci in: (a) bl /al-plane at frequency 2 u, (b) bz /a2-
plarte at frequency u.

case of a microwave transistor operating under class C

conditions.

II. TWO-FREQUENCY MEASUREMENT TECHNIQUE

A solution is to use a two-frequency variant of the

two-signal synthetic loading technique described by

Takayama [9] and independently by Mazumder [10], [11].

The procedure involves the simultaneous application of the

power waves a1(2u) and a2(u) to the input and output

ports, respectively. Then no problem exists because la1(2a)l

can be adjusted to obtain the required Pin. From (1)

b1(2u) a2(u)
—=sll+s~~—
a1(2w) a1(2u)

b1(2(.o) s a1(2u) +s— =_
a2(~) 11 C12(0) 12

b2(a) a2(ti)
—=s21+s22—
a1(2u) a1(2w)

b2(u) es a1(2u)
—+s22.

a2(a) 21 a2(to)

(3a)

(3b)

(3C)

(3d)

If Ian and la21 are fixed, then each of bi\aj (i =1,2; j =

1,2) generates a circle in the corresponding b, /aJ-plane

(see Fig. 2) as the angle La, – ~a2 is varied. The center of

a particular circular bi /aJ-locus corresponds to the param-

eter Sij.
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Fig. 3. Two-frequency test setup.

A. Basis of the Measurement Technique

The ratios b1(2u)/a1(2co) and b2(u)/a2(0) can be

found from conventional NA reflection measurements by

varying the angle ~al – Za2 using a phase shifter. This is

possible because each ratio involves but a single frequency.

The ratios b1(2~)/a2(ti) and bz(u)/a1(2~), on the other

hand, involve two-frequency transmission measurements,

which cannot be made using an NA of the normal type,

Equations (3a) and (3d) show that only bl(2u)/al(2@)

and bz( o )/a ~(o) need be measured to determine Sll and

S22, respectively. The desired input and output impedances

Zi~(2ti ) and ZOut(u ) can then be obtained from Sll and

s 22.

A suitable test setup is shown in Fig. 3. An impor$ant

feature is the use of the synthetic load concept [9]-[11],

modified here so that different input and output frequen-

cies are protided for the power waves al and a z. To ensure,.
that al is at exactly twice the frequency of az and coherent

with it, both signals are derived from the same sweep

oscillator, a z directl~ and al by means of a frequency

doubler. Thus, as required, az is injected into the halver

output port at exactly half the frequency at which al is

applied to the halver input port. The phase angle./ al – ~a z

is varied by means of the phase shifter P while the ampli-

tudes 1all and Iaz I are adjusted using the variable attenua-

tors Al and A2.

To obtain accurate results, a good simulation of the

halving conditions is necessary. For a given input frequency

20 and a given value of Pi.= la112, the power la2]2 in-

jected into the output port should be such that the reflected

power Ibzl z approximates the actual POU,which would be

obtained had the halver been terminated in a real, rather

than a synthetic, load under the same conditions. This

TABLE I
CALIBRATION MEASUREMENTS MADE AT EACH FRSOUENCY AT

IIOTH PORTS OF THE HALVER UNDER TEs;

k
VOLTAGE REFLECTION COEFFICIENT

CCINDITION
MEASUREO VALUE TRUE VALUE

MATCHED LOAO 20
‘ml ‘tl

=0

—

OPEN CIRCUIT
‘m2 rt2 = ‘

SHORT CIRCUIT r
m3 ‘t3

= -1

value of P~Ut can be obtained

ment.
.,

B. Measurement Procedure

from a separate measure-

For each input frequency, three steps are taken.

1) Calibration reflection coefficients I’m, (j= 1,2, 3) are

measured at the input and output reference planes w – w‘

and Z – Z‘ (i~s defined in Fig. 1) using a matched load, an

open circuit, and a short circuit, in accordance with the

scheme of Talble I. Hence, complex calibration coefficients

K, L, and M are determined satisfying the bilinear trans-

formation [12]

KJ7. +L
rmjs —

M:j+l’
j=l,2,3 (4)

where the I’t ~ are the true values.

2) To determine the position of the circular locus in one

of the complex bl/al- or b2/a2-planes of Fig. 2, the

appropriate reflection coefficient is’ measured, with the

hzdver in situ, for three different settings ‘of the phase
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Fig. 4. Comparison between the measured input and output @pedances ~n(2a) and 2..,(Q) (----) of the “pumped”
varactors at the planes X- X’ and Y – Y’ and the estimates Z,n(2u) ad ZOUt(a) ( —) given by (8) and (9).

shifter f’, i.e., three different vahtes of Lal – La2. This

yields three measured values r~~(k = 1,2, 3). Extraction of

the true (corrected) values, which are found by solving (4)

r
F,k= ‘L

K :ki$mmk‘
k=l,2,3 (5)

then locates three points on the corresponding circular

10CUS.For the bl/al- and b2/az-planes the centers of the

circular loci fix the values of Sll and S22, respectively. The

external impedances at the planes W – W‘ and Z – Z‘ of

Fig. 1 are then

()Z-=z 1+’%
0 l—sll

()

Zex:=z l+~zl
0 1–S2Z .

(6)

(7)

3) Knowing the varactor circuit environment, one can

determine reflection coefficients 17i~and l?Outat the planes

X – X’ and Y – Y’ of Fig. 1, e.g., by using a COMPACT

de-embedding file. The required large-signal “pumped”

varactor impedances Zin and ZOUt are then obtained from

17inand rOU,.

111, RESULTS

Using the procedure described above, the external im-

pedances Z~~t and Z=, were measured at the W – W‘ and

Z – Z‘ planes of an experimental halver for Pi. = 16.4

dBm and lb2] 2 – la212 = – 3 dBm, The varactors used were

silicon tuning varactors type GC-1504, manufactured by

Frequency Sources, GHZ Division. These devices have a

zero-bias junction capacitance Cj(0) = 3.5 pF and a cutoff

frequency of approximately 80 GHz. The input frequency

was varied over the range 5.0–7.0 GHz, the output over

2.5-3.5 GHz. Fig. 4 compares the values of Zti and ZOU, at

the X – X’ and Y – Y‘ planes, derived from the de-embed-

ding procedure, with theoreti~al estimates given by the

Penfield and Rafuse equatioris [6] modified to account for

the varactor parasitic. AS shown in the Appendix, for two

abrupt-junction or Schottky-barrier varactors pumped in

parallel at the input frequency 2U

and for two varactors effectively in series at the output

frequency u

[

{m
ZOU,(W) = 2 mz

@cj(o) – ‘s1
[ 1/-- (9)

+ j2 UL$– m.
@c,(0) .
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Fig. 5. Measured (----) and predicted ( —---) VSWR’S of the frequency
halver, (a) at the input plane w – w’, (b) at the output plane Z – Z’.

Here, CJ(0) is the junction depletion-layer capacitance at

zero bias, VB is the reverse breakdown voltage, and @is the

cent act potential. The varactor parasitic r, and L. are the

series resistance and inductance, respectively,
Evaluation of (8) and (9) requires specific values for the

modulation ratios m ~, m ~, and m*, corresponding to zero

frequency and the output and input frequencies, respec-

tively. According to [6], under full-drive maximum-effi-

ciency conditions, the modulation ratios would be m o = 0.5,

ml = 0.21, and m2 = 0.1. These values assume that the

varactor is so biased that the junction elastance waveform

is symmetrical. In practical frequency halver applications,

however, the varactors are usually zero-biased or slightly

forward-biased; the resulting elastance waveform is highly

asymmetrical. As discussed in the Appendix, under such

conditions, more appropriate values for the modulation

ratios would be approximately m. = 0.2, ml = 0,2, m ~ =

0.15. These were the values adopted in the present exam-

ple.

It is seen that there is satisfactory agreement between the

measured varactor impedances Zin(2 to), Zout( ~) and the

estimates 2in(2u ), 20ut ( to), and that in this case a single

iteration suffices.

Fig. 5 compares the measured and predicted VSWRS at

the external ports of the complete halver. Again, there is

reasonable agreement between the measured and calcu-

lated VSWR’S.

IV. CONCLUSIONS

It has been demonstrated that a two-frequency variant

of the synthetic loading technique provides an effective

approach to thle determination of the “pumped” input and

output impedances of the internal nonlinear-reactance de-

vice(s) of a frequency halver. These are the impedances

which are needed for design centering.

A similar approach could be used in the design of

frequency doublers; in that case a halver would replace the

doubler in the test setup.

APPENDIX

THEORETICAL ESTIMATE OF VARACTOR IMPEDANCES

For the balanced halvers of the type investigated here,

the two varactors are effectively in parallel for the input

frequency 2 u ‘but in series for the output frequency a.
An approach similar to that of Penfield and Rafuse [6]

can be used to obtain the estimates ~,~(2tJ) and ~Out( Q)
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Fig. 6. Approximate equivalent circuit of a single unpumped varactor.

for the drive-level-dependent “as pumped” input and out-

put impedances of the varactor pair. The approximate

equivalent circuit of Fig. 6 is assumed for a single un-

pumped varactor. Since the package capacitances CP can

be absorbed into the embedding, they can be omitted from

this discussion. As in [6], in order to obtain closed-form

expressions, this large-signal analysis is restricted to

abrupt-junction or Schottky-barrier devices, for which the

capacitance-law exponent y is approximately 1/2. For

varactors with other values of y, the impedance estimates

will be less accurate, but will still provide useful starting

values.

Output Impedance

Consider first a single pumped varactor in which cur-

rents are constrained to flow only at u and 20. Assuming

a load Z~ at the output-frequency port and initially ne-

glecting the series inductance L,, the following relationship

is found between Z~ and the drive-level dependent elas-

tance coefficients SO and Sz of the varactor:

(lo)

Here, the Sk axe complex coefficients of the Fourier expan-

sion of the time-varying incremental varactor elastance
+Cc

S(t) = ~ SkeJk’”. (11)

By definition, the

varactor is

k=–m

large-signal cutoff frequency of the

(12)

where S~= and Sm. are the extreme elastance values to

which the device is pumped. Further, modulation ratios are

defined as

Isklm,k A
s~= – Sdn“

(13)

The following relation between the m k and the Sk is then

obtained from (12) and (13):

lSkl=m,ucr,. (14)

From (10) and (14), the resistive and reactive components

of ZL are found to be

and since SO= ISOI

X~=r,~(mzsinO+mO)

(15)

(16)

where d is the phase angle of the impedance Z~ + r, +

So/(jQ). For fixed values of m~ and W, the maximum

efficiency condition is d = O. Assuming that this results in a

conjugately matched load, the effective varactor output

impedance seen looking back from the load terminals is,

since ISOI = SO

(17)

To evaluate tic, full drive is assumed, so that

s
1

‘== q(–v,)

and

1

‘rein= q(+) ‘0

where V~ and @ are, respectively, the

and contact potentials of the varactor.

tance law for y =1/2 as

(18)

(19)

reverse breakdown

Taking the capaci-

W=CAO)(l-;)-1’2 (20)

where u is the junction voltage, the large-signal cutoff

frequency is, in terms of easily measured parameters

11+ V,/@
0’= r,CJ(0)

(21)

Thus, for two varactors effectively in series at the output

frequency, an estimate of the pumped output impedance is,

from (17) and (21), and including L,

[

m’
Zout(tJ) =2 m,

tic,(o) – “ I

Input Impedance

(22)

From [6], the pumped input impedance Zi~ of a single

varactor, at the frequency 2ti, again neglecting L. and CP,

has resistive and reactive components

(R,n=r, l+~.a.cosd
, 2&J )

Uc

(

m?

“n= ‘r’% ‘0+ 2m2
)

—sin O .

(23)

(24)

Setting O = O, as before

‘in=r$(l+*”~)-jr*mo ’25)



HARRISON AND KALIVAS: IMPEDANCE MSASUREMSNT IN FREQUENCY-HALVING NETWORKS 1597

Therefore, for two varactors in parallel at the input

frequency, an estimate of the input impedance is, using

(21) and (25), and including L.

r

Estimates for the Modulation Ratios

(26)

Application of (8) and (9) for the approximate device

impedances requires estimates for the modulation ratios

mo, ml, and mz. In [6, p. 469], Penfield and Rafuse give

an idealized optimum-efficiency solution for an abrupt-

junction varactor fully driven between the forward contact

potential @ and the reverse breakdown voltage V~. This

solution requires a reverse-bias voltage of approximately

0.351~~ and predicts a symmetrical elastance waveform

S(t) for which the modulation ratios are m.= 0.5, ml=

0.21, and mz = 0.08.

Under conditions of zero bias, or small forward bias,

which are applicable to practical wide-band halvers, these

values for the modulation ratios are inappropriate. This

can be deduced from the example of the zero-biased

single-varactor voltage waveform V(t) obtained by Lip-

parini et al. [1, fig. 6] for a partially driven unbalanced

halver with an input frequency of 2.375 GHz. The corre-

sponding S(t) waveform can be found by means of the

parabolic elastance-voltage relationship for an abrupt junc-

tion

1
(27)

and is found to be highly asymmetrical. The resulting

modulation ratios for a fully-driven case are thus estimated

to be m.= 0.2, ml= 0.2, and mz = 0.15.
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