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‘Fig. 6. Phase detectors from hybrid junctions or quadrature hybrids
Q for getting sin 6 as well as.cos 6.

tions having no matching transformers in the £ and H arms
usually have higher isolation, broader bandwidth, and are less
expensive than matched hybrids. Note that either of the phase
detectors of Fig. 6 can be made with unmatched hybrids. The
impedance seen between any two adjacent hybrids in Fig. 6 is
25 or 100 Q, but the impedance of all input and output ports
is 50 Q. .
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CONCLUSION

The six-port described here could be ‘part of a broad-band
automatic measurement system where component imperfec-
tions are corrected for by a computer that stores the frequency-
sensitive corrections as derived from a suitable calibration
program. The redundancy could provide a check on the
accuracy. Analysis and application of a six-port for power
measurements is given elsewhere in this issue [5].
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Application of an Arbitrary 6-Port Junction to
Power-Measurement Problems

" GLENN F. ENGEN AND CLETUS A. HOER

Abstract—An ‘analysis of an arbitrary 6.port junction, four ports of
which are terminated by power meters, shows that the net power input
(or output) at either of the remaining ports is a linear function of the
four power meter indications, The validity of this result has been ex-
perimentally demonstrated at 10 GHz, This device promises fo be a
useful tool in a wide variety of power measurement and calibration
problems.

1. INTRODUCTION

DIRECTIONAL coupler with a sidearm power detector
is a-well-known form of power monitor. 'With the addi-
txon of a second coupler and detector, as shown in Fig. I, the
“reflected” as well as the “incident™ power can be measured
In the most common mode, a signal source is connected to
port 1, and the device serves as a feedthrough power meter for
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ferminations of arbitrary impedance on port 2. Alternatively,

with proper calibration, the device measures the input power

at port 1 and may thus be mterpreted as a variable impedance
terminating power meter.

In order to improve the accuracy, tuning procedures have
been devised which compensate for nonideal coupler perfor-
mance (imperfect directivity, etc.) [1], [2]. In general, if the
reflectometer -of Fig. 1 is regarded as an arbitrary 4-arm juic-
tion, the power output P, at port 2-may be written [1]

Pg =k_1P4 - kng +01b3bff+a*b3bf (1)

where the real constants %, k3, and ‘the complex ‘constant o

_ are properties of the couplers; by, by are the complex wave

amplitudes at the respective detectors, P = {B3(2, = [Bal?;
and (*) denotes the complex conjugate.

As previously noted, it is possible to make « vanish by su1t-
able tuning procedures, and P, is obtained in terms of P3, Fy.
Unfortunately, these methods tend to be both frequency sensi-

tive and time consuming. Equation (1) indicates, however,
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Fig. 1. 4-arm junction used in making power and impedance

mcasurcments.

that the tuning is unnecessary prov1ded that the phase differ-
ence between bs and b, is known. Although today there isa
significant trend in this direction, especially in automated sys-
tems, it must also be recognized that this represents a substan-
tial increase in the complexity of the detection process since
frequency conversion is generally involved. It thus becomes
appropriate to investigate whether or not this phase detection
requirement can be satisfied in terms-of one or more additional
amplitude measurements. The prior art includes the applica-
tion of multiple detectors in the slotted line context [3], {4].

More recently, the application of an “ideal” 6-port to the
measuremeént of the basic circuit parameters has been de-
scribed [5]. The latter provided the incentive for finishing a
partially complete and unpublished study which was begun
several years ago in conjunction with the power equation con-
cept [6]. To be more specific, this paper will consider the ap-
plication of an grbitrary 6-port to power measurement prob-
lems. Moreover, the mathematical approach developed herein
provides the basis for a significant generalization of the earlier
6-port effort. This topic, however, will be the subject of a
future paper.

II. GENERAL THEORY

For reasons which will emerge, it will prove useful to begin
with an arbitrary 6-port, four ports of which are terminated by

power meters, as shown in Fig. 2. 1t is convenient to use the

complex incident and emeigent wave awplitudes g, b;,
i=1++-06, as the twelve terminal variables. The scattering
equations may be written,

6
Z l)ﬂ]’ =1 6' (2)
Moreover, the power meters.on arms 3 * * * 6 are assumed to be
“permanently” connected. Therefore,

4= bT;,

]‘:3...6 (3)

where I is the reflection coefficient of the power meter ter-
mmatmg the jth arm. Equations (2) and (3) represent a col-
lection of ten linear relationships among the ‘twelve terminal
variables. ‘This system of equations may be solved for any ten
of these as functions of the remaining two. In particular, it is
possible to write:

bi=ra; tt;b,, =36 (4)
where 7;, t; are functions of the scattering parameters Sm,,. and
T;. :

.of four equations in the unknowns |a,|?, 2,53, a3
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Fig. 2. Arbitrary 6-port junction. .

Equation (4) is next multiplied hy its conjugate ta yield

i=3--6
)

|r1|2[a2]2 +rztz a2b2 +I‘, tazbz + lt1|2[b2|2

where P; = [b;2. .
In a formal sense, (5) may be considered as a linear system
b, 1b,|? and
may be inverted to obtain Ja;|? and |b, as linear functions of
the P; (i=3~+6). Finally, the difference between |b,]? and
la212 will also be a linear function of the P, so that!

o -6
P, ety = [b21* - laal* = ¥ qiPs
i=3

(©)

where the (real) g; are functions (only) of the S, and I}.
Equation (6) is the desired result.

In deriving (6) the existence of a functional relationship be-
tween a3b, and a,b; was ignored, This raisés the question of
whether it would be possible to write P, as a furiction of three
of the power meters and eliminate the fourth. An investiga-
tion shows that this proposal leads to multiple roots and a con-
siderable increase in complexity. For thesé réasons, this ap-
proach appears to be of limited, if any, practical interest and
was not further explored.

III. CALIBRATION PROCEDURE

The object of the calibration procedure is to determine the
q;. Referring to Tig. 2, port 2 is first tenuinated by a standard
power meter so that P, is known, The corresponding values of
Py +--Pg are then noted. This procedure then is repeated
with the power meter replaced by three different offset shorts
(or variable reactances), for which P, =0, These values are
now substituted into (6) to obtain four equations which may
be inverted to obtain the g;.

It should be noted that the standard power meter may be of
arbitrary and uriknown impedance. In addition, the argumients
of the offset shorts are nof required, although it is obvious
that multiples of A/2 must be avoided.

IV, DESIGN CRITERIA

Although the foregoing procedures are valid for arbitrary
6-port junctions, there are singular cases which must be
avoided. Although some of these are intuitively obvious,
thete are other cases for which this is not true. For this reason
itis desirabie to develop some design criteria for the 6-poit,

Retuming to Fig. 1 and (1), the magnitude of a is oné mea-
suie of the deviation of the couplers from the ideal. Ordinar-

1The normalization factor has been taken equal to unity.
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ily, lol is a small number. In ad.diﬁbn, Py, P, are approxi-
mately proportional to laz|2, |b2/2. It thus appcars desirable

10 begin with the system of Fig. 1 and look for a modification

Which would permit the determination of the terms involv-
irig o,
By eliminatinga,, b, from (4) it is possible to write:

bs = Kbs +Lb,

bg =Mb3 +Nb, Q)
where K, L, M, N are functions of S, and Ty, If eacti of (7)
are multiplied by their conjugate, it is possible to obtain

KL*bybs + K*Lbibs = Ps - |K|*Ps - |LI*P, )

- [M2P; - IN2P,.  (9)

Equations (8) and (9) may now be solved for b3 by arid b3 by.
If this is done, and the results substituted in (1), an équation
in- the form_of (G) is obtained (which, of .course, is to be ex-
pected). In order for this procedure to be-well conditioned, it
is necessary to avoid the case where the determinant A of the
coefficients in (8) and (9) is small. This determinant is given
by

MN*by b¥ + M*Nb3D, =

A=KL*M*N - K*LMN* (10)
which indicates that KL*M*N is preferably an imaginary num-
ber, and in no case is permitted to become real.

To see what this means in practical terms it is useful to con-
sider specific imﬁlementations, including som¢ which fail to
satisfy these criteria, In Fig. .3 a portion of the signals b, b,
have been combined in a hybrid to yield outputs proportional
t0 b3 +bg, b3 - by. For this combination one has K =1 =
M =-N, and the above criteria are violated (A = 0). Instead of
the b3 ~ b, term, the system should provide bs *jb,. A
6-port which satisfies these criteria is shown in Fig. 4. An
alternative configuration is shown in Fig. 5. Here the two
couplers have been supplemented by two voltage probes with a
A/8 spacing, This A/8 spacing represents a design center, and
in practice, spacings between thé limits A/24 to 5A/24 should
prove satisfactory. Assuming adequate coupler bandwidth,
this should permit operation over at least a 5-1 frequency
ratio. In practice it may prove possible to extend these limits
and achicve a 10-1 bandwidth.

In practical terms a convenient (but not most general) set of
design goals are

by =ea
s = by
bs = glas + by)

bs = h(az + jb,) (11

where e, f, g, and & are a sét of complex parameters whose
arguments are arbitrary and whose magnitudes determine the
signal levels at the respective detectors.
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Fig. 3. Example of how not to make a 6-port for power
measuréments.

Fig. 4. 6-port ]unctlon designed to approach the ideal output condi-
tions for measuring power, where C is a 4-port coupler, hybrid junc-
tion, or quadrature hybrid, @ is a quadrature hybnd or a 3-dB quad-
1ature coupler, and D is a power divider or hybrid junction.

)

Sl

Fig. 5. Proposed 6-port junction for use in waveguide.

V. APPLICATIONS

It should be noted that (6) gives the power at port 2, not
only with the generator connected as in Fig. 2, but also with
the positions of the generator and l1oad exchanged. P, isnow
negative.) Moreover, the power input or output at port 1is
also a liriear function of Py « « + P,

Because of its flexibility, this devicé should prove useful in a

“wide variety -of power measurement problems. Animmediate

application is that of calibrating bolometer mounts -or other
types of power meters.

VI. 6-PORT VERSUS REFLECTOMETER

To compare power measurements using a 6-port with power
measurements using a generalized reflectometer (g-reflectom-
eter), the circuit shown in Fig. 6 was assembled using X-band
waveguide components. This composite circuif includes the
necessary elements to pérmit a power measurement either by
the 6-port technique or by the tuned g-reflectometet proce-
dure. Moreover, the circuit is so designed that the coupler
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COMPONENTS ADDED FOR 6- PORT
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Fig. 6. Experimental X-band setup for comparing power measure-
ments made with a 6-port to power measurements made with a
reflectometer.

which provides the dominant term P, is common to both im-
plementations. To be more specific, that portion of the circuit
to the right of the tuner in Fig. 6 represents an implementation
of the 6-port concept. Alternatively, the presence of the de-
tectors Py, Ps, and P may be ignored and attention focused
on P, and Pj, their associated directional couplers, and the
tuner. These elements eomprise a g-reflectometer whose op-
eration is described in [1].

The components ¢5, &5, ¢s, and as were adjusted so that
Ps =Pz =0 when a short is at terminal 2. Then ¢ was in-
creased 90°. This gives the desired condition for the 6-port,
namely,

Ps=clay + by|*, P =clay +jbsl?
where ¢ is some unknown constant. Then, with a sliding short
connected at port 2, the tuner was adjusted for no variation in
P; as the position of the short was changed. This adjustment
makes & = 0 in (1) so that P, measured by the g-reflectometer
isgiven by’

Poen =K1 Ps - ke P3.

The Iast two terms in (1) are zero only for the g-reflectometer,
not the 6-port. The 6-port must evaluate these last two terms.
Since both systems use the same P4, and both Py and P} are
approximately the same, each system has the same sensitivity.
Both systems measure power at reference port 2, so that P,
measured by the 6-port should be identical to P, measured by
the g-reflectometer.

After calibrating the g-reflectometer to get k, and k, and
calibrating the 6-port to get the four g;, the net power intoa
variable impedance load was measured by ‘both systems at
10 GHz. The variable impedance load was an attenuator fol-
lowed by a sliding short as shown in Fig. 6. For each setting
of the attenuator (1, 3, 7, and 10 dB), the net power to the
load was measured at four different positions of the short
spaced approximately A/8 apart. The results are shown in
Table L.

The last column in Table 1 shows the percent deviation of P,
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_ o TABLE1
NET POWER MEASURED BY A 6-PORT COMPARED TO THE
SAME POWER MEASURED BY A REFLECTOMETER INTO
A LoAD OF REFLECTION COEFFICIENT I
P, I ett Percent of Py

I P2[6_p,_'m lereﬂ P2l6-_por_t (Pr=18.40 mW)
0.8 1.078 1.195 +0.117 1.39
0.8 1,229 1.196 -0.033 0.39
0.8 1.016 1.042 4+0.026 0.31
0.8 1.208 1.123 ~-0.085 1.01
0.5 5438 5.510 +0.072 0.86
0.5 5492 5.564 +0.072 0.86
0.5 5434 5.535 +0,101 1.20
0.5 5.496 $5.541 +0.045 0.54
0.2 7.946 7.950 +0.004 0.05
0.2 7.943 7.949 +0.006 0.07
0.2 7.913 7.933 +0,020 0.24
0.2 7.967 7 965 -0.002 0.02
0.1 8.298 8.298 0.000 0.00
0.1 8.289 8.294 +0.005 0.06
0.1 8.277 8.286 +0:009 0.11
0.1 8.314 8.310 X 0.05 .

as measured by the g-reflectometer from P, as measured by
the 6-port, relative to the incident power which was 8.4 mW.
As one can see, the agreement is better than 0.25 percent
when [ was 0.2 or less. At larger values of |, the difference
is somewhat greater. This is explained by noting that as |T
increases, the termsP;, P3, P5, Pg become larger, and errors in
their measurement are of greater significance. Because the in-
strumentation used to measure those terms provides only a
nominal recovery of 3 percent, the agreement is still within
the experimental error. In practice [T seldom exceeds 0.2;
however, the performance at larger values -of {T' yields a more
gonvincing demonstration of the validity of (6).

VII. SUMMARY

In the prior art, the elimination of errors due to imperfect
coupler directivity, etc., have been eliminated at the price of
elaborate tuning procedures or phase detection schemes. As
previously noted, the former tends to be both frequency sensi-
tive and time consuming, while the latter generally ‘involves
frequency conversion and usually places substantial demands
upon the frequency stability of the source. The measurement
scheme outlined in this paper eliminates both of these require-
ments but at the expense of two additional amplitude
measurements. o :

Because substantidl amounts of data are involved and a
matrix inversiosn is required in the calibration procedure, a cer-
tain amount of computer-aided computational facility is highly
desirable. ‘On the other hand, because P, is a linear function
of Py =+ Pg, it is possible to envision a simple analog circuit
whose parameters could be adjusted with changes in frequency,
which would yield 2, . '

Finally, it may be noted that the theory begins with an arbi-
trary 6-port and the subsequent calibration makes no reference
to matched loads or the arguments of the reflection from the
shorts, In addifion, orily net powers are involved. The proce-
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dure thus satisfies the terminal invariant criteria and belongs to
the family of power equation methods 6] .-
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Microwave Peak Power Measurement
Independent of Detector Characteristics by
Comparison of Video Samples

FRITZ K. WEINERT aAND BRUNO O. WEINSCHEL

Abstract—For measurement of RF pulse power, a 100 percent square-
wave-modulated reference RF power is interlaced with the pulses.
100-ns-long samples are taken after detection from both the demodu-
fated pulse and square wave. The level of the reference power ig ad-
justed until both samples.are equal, This method is independent of the
temperature coefficient, law or stability of the detection efficiency,
The method is compared with the notch wattmeter, crystal video-
detector chopper, and sampling comparison using crystal switches.

1. DEFINITION OF A PULSE

T HE envelope of an RF pulse as detected by a perfect

1 linear detector appears in Fig. 1. Rise and fall time is
measured between the 10- and 90-percent voltage points.
Pulse length ismeasured hetween the 50-percent volﬂtége points.
For measurement of pulse power, one usually disregards the-
first and last 100 ns. In this method the peak power is defined
as the average rms power in the center portion of the pulse.
This is actually a refinement of the old IRE definition of
“peak-pulse amplitude,” which is “the maximum absolute peak
value of the pulse, excluding those portions considered to be
unwanted, such as spikes. Note: where such exclusions are
made, pictorial illustration of the amplitude chosen is
desirable” [9]. : '

The peak-to-peak ripple within that portion and the peak-to-
peak jitter must be :small if the pulse is used for calibration.
2 percent and 25 ns are good practical limits. When an un-
known pulse is measured, both may be worse, ‘which may
limit the measurement accuracy.

Only rectangular pulses repeated at a fixed frequency are

Manuscript received June 26, 1972;.revised July 10, 1972.
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~ treated. The method also applies to a Gaussian pulse as used

in TACAN. It can be readily adapted to multiple pulses or
pulses with staircase envelopes by redefining pulse power and
sampling location.

II. FipeLITY OF DETECTED PULSE
A detected pulse trails behind the RF pulse by a time delay

Tp =RC (1)

where R is approximately the resistance of the parallel combi-
nation of the diode load resistor and the detector video resis-
tance while Cis the output capacity to ground. Fig. 2.shows
this lag.

The rise time.of the microwave detector must he sufficiently
short so that the video output voltage nearly reaches its
correct value when the sampling period starts. This require-
ment is most critical for the shortest pulse duration of 350 ns.
At the time when the sampling gate opens, the video output
has not réached the correct voltage Epay yet, causing a differ-
ence voltage of § * Eppax-

In order for the measurement not to contain an dppreciable
error, 8 must be below 0.01 dB. The results of a numerical
evaluation are shown in Fig. 3 for linear and square law detec-
tors. The distortion in Fig. 2 is based on a time constant of
12 ns. This time constant results from an internal resistance
of 5000 €2 shunted by 1000 £. :

[II. TEMPERATURE DEPENDENCY OF DETECTION
‘EFFICIENCY OF MICROWAVE DIODE DETECTORS

A typical microwave detector equivalent circuit is shown in
Fig. 3 where Z, is the RF termination, required for good
VSWR and R;, the load resistor required to achieve fast rise





