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Directional Coupler Calibration for Accurate
On-line Incident Power Measurements

Felipe L. Penaranda-Foix, Senior Member IEEE, Jose M. Catala-Civera, Senior Member IEEE, Jose
D. Gutierrez-Cano and Beatriz Garcia-Banos

Abstract—This paper proposes a calibration method to properly
measure incident power in a directional coupler (DC) when the
measurement configuration has low directivity. The proposed
method is based on measurements of short-circuits placed at
different distances to calibrate the DC response. Results show that
the method is clearly robust and provides accurate measurements
even for directivities as low as 10 dB.

Index Terms— Coupling, Directional coupler, Directivity,
Power measurement, Scattering matrix.

I. INTRODUCTION

HE use of Directional Couplers (DC) for scattering
parameter measurements is well known in the microwave
engineering field [1]. The main feature of DCs is that they are
able to separate the incident wave from the reflected one, and
this is the basic principle for the measurement of scattering
parameters. This capability comes from the presence of isolated
ports, there being a 4-port network that always has two pairs of
isolated ports.
Fig. 1 shows the schematic of a typical configuration that
uses a DC to measure incident power (wave a,) through
measurements at port 3. The ideal S matrix for the DC is:

0 S, S 0
_ 521 0 O 524_
5=ls,, 0 o0 s, M

Using the ideal scattering matrix (1) while assuming that port 3
is matched (I'; = 0), makes the power measured at port 3 (Ps3)
to be:

b
P3_|3|

|S31|2 |a1|2 = |31/ Pine (2)
where S5 is the coupling (C) of the DC and P, is the incident
power associated with the incident wave a, .
In this ideal S matrix, ports 1 and 4 are isolated
(841 = S14 = 0) as well as ports 2 and 3 (S5, = S,3 = 0).
But, in practice, neither these ports are perfectly isolated nor
the diagonal (S;;) is null (the ports are not perfectly matched).
To evaluate the performance of a DC, its directivity (D) is
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quantified by the ratio between the coupled output power and
the power outside the isolation port, and it is calculated as [1]:

= 20log (531) =I-C 3)

41
where D is the directivity (dB), C is the coupling (dB), and I is
the isolation (dB) between ports 1 and 4.

Under these non-ideal conditions (S;; # 0, for any [i, j]), and
assuming a; = a, = 0, the power measured at port 3 is:
_n

|bs|? S328
Py ==~ =—|a1|2 S341% 1+ =22 211 .

> Sor “
where P; is not only the incident power (as ideally in (2)) but
also depends on the [} (the reflection coefficient of the load (Zy)
at port 2).

Therefore, the design of DCs, providing accurate
measurements of incident power, is not a straightforward task.
Since as early as 1968, excellent designs have been obtained
[2,3], but depending on the performance or due to the constant
evolution of technology, designs are changing [4,5] and being
improved, as has been reported very recently [6,7]. It is very
important to emphasize that DCs are the best option for high
power applications [8], where an accurate calibration and
measurement of the incident power becomes a crucial task.

Some research has assessed the quality of the measurements
when the DC is not ideal [9,10], but no information was
reported about the incident power measurement.

This paper presents a method for correcting power
measurements at port 3 (according to (4)) depending on the
actual testing load (Zr) measured and a calibration process
based on different short circuits.
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Fig. 1. DC general schematic used for incident power measurement. Port 1 —
input; port 2 — through; port 3 — coupled; port 4 — isolation.
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Fig. 2a. Coupling (C) and directivity (D) of a commercial DC.
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Fig. 2b. S; (ii=1,2) of a commercial DC.

II. CALIBRATION PROCEDURE

In this section, a calibration method is proposed to evaluate
the incident power properly even when the DC is not ideal.

A. Motivation

Before presenting the proposed procedure, it is necessary to
look at the actual coupling (C) and directivity (D)
measurements of a commercial DC (40 dB WR340 cross
bidirectional coupler, Sairem) shown in fig. 2a, which will
enable us to assess the problem. The scattering parameters of
the DC were obtained by means of a ZNB 8 R&S VNA, and the
power measurements were performed using a microwave
amplifier (83020A, Keysight) fed by a vector signal generator
(SMBV100A, R&S) and a USB power sensor (Anritsu
MA24218A) placed in the forward port of the bidirectional
coupler. It is a 40 dB coupler with around 20 dB of directivity
at the operational frequency (2450 MHz + 25 MHz), which
could be considered as a good quality DC.

Parameters S;; and S,, are shown in fig. 2b, and these
reflection values show a good match at ports 1 and 2 (below
—20 dB in almost the whole measured band).

Under these conditions, fig. 3a shows the actual power
measured at port 3 for 6 different testing loads placed at port 2,
sampling the Smith chart (fig. 3b) widely when the incident
power is 1 W. The ideal power, based on the coupling value at
each frequency and plotted in red in fig. 3a, is quite different
from the actual power measured, with values as far as 3 dB from
the real one. By way of example, at 2.454 GHz, there are 2
testing loads [3 and 6] that give the proper value of the incident
power, which is 1 W (P;, = —40.64 dBW (P3; measurement) +
40.64 dB (coupling) = 0 dBW), but the other testing loads give
an incident power of 1.29 W (P, = —39.53 dBW + 40.64 dB
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—---Load #04
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P; (dBW)

2.00 2.20 2.40 2.60 2.80 3.00
Frequency (GHz)

Fig. 3a. Actual incident power measured at different frequencies for each
testing load.
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Fig. 3b. The 6 testing loads applied at port 2 sampling widely the Smith Chart

=1.11 dBW), which means an error of 29%.
In the next subsection, we describe our DC calibration
method to obtain accurate measurements of the incident power.

B. Calibration method

It can be generally assumed that S,, is low in most
commercial DCs. In this case, S,, is below —20 dB (fig. 2b)
within the range [2.2, 2.7] GHz, which is close to zero. This
allows us to approximate 1/(1 — S,,I;), found in (4), to
(1 + S,,TI;) which is the 1% order of the Maclaurin series. Thus:

Ibs* 1
P3=%zE|a1|2|531|2|1+a[‘2(1+[)’F2)|2 (%)
where § = S5, and a = %

The proposed calibration method consists of measuring the
system’s response when loaded with a short circuit at different
distances from the measurement port (port 2). This means that:

[, = —e ki = /b 6)

where L; is the physical length, y = j/w?ue — k2 is the
propagation constant, and k. is the cut-off wavenumber of the
transmission line used to move the short circuit away from the
port; for example, for a TEM mode k. = 0 and for a TE;o mode
in a rectangular waveguide, WR340 in our case, k. = n/a,
where a is the rectangular waveguide width. The angle ; is the
phase shift related to the time delay due to the back and forth
wave propagation introduced by the port extension length.

Expanding (5) and converting it into cartesian coordinates
using Euler’s formula, for each short-circuit, we have:

mg + my cos(6;) + m, cos(26;) +

_1 2 2
ER T { +mn, sin(8;) + n, sin (26;)

X
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Fig. 4. Flow charts explaining the calibration (a) and measurement method (b)
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Fig. 5. Measured power at port 3 at 3 different frequencies

where
my=1+ai+a?+ 63+ 67
m1 = Z(aR + aRSR + 0»’151)

mz = 26R (8)
ny = —2(a; — a;0g + agd;)
le = _261

a=agtja; ; B=Pr+jB; 6§ =aBf =g+

According to (7), the power measured at port 3, when port 2
is loaded with a short circuit, describes a 2" order trigonometric
polynomial due to the load mismatch.

And once values my, my,m,,n; and n, are known, then
values @ and £ are also known [note that ag, a; and &g, §; are
only intermediate variables to obtain a and 8 from (8)] and (5)
can be used for any load (Zr) at port 2, because a and f§ are
already computed. Loads at port 2 can be measured at the same
time that the power is computed if the whole system has been
properly calibrated to measure the load [11].

Values mgy,mq,my,,n; and n, can be found by a
trigonometric interpolation [12], and this must be done once per
frequency. To sum up, the flow charts in fig. 4 shows how to
apply this calibration method. Fig. 4a shows the 1% step, which
consists in the calibration, and Fig. 4b shows the measurement
procedure for any load.

This method was applied to the commercial DC. Fig. 5 shows
the measurements taken at port 3 for a set of 11 different
positions (dots) of a short circuit at 3 different frequencies and
using a trigonometric interpolation following (5) (solid line).

Fig. 5 proves that (7) models the power at port 3 properly.
Then (5) can be applied, once parameters m,, m;, m,,n,; and
n, are known for each frequency, to correct the incident power
properly for any load at port 2.

For example, fig. 6 shows the corrected power at 3 different
frequencies for 6 different testing loads. The 3 frequencies were
selected using the following criteria: (i) £=2.454 GHz is in the
working band of the DC, as described in the specification sheet;
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Fig. 6. Power measured at port 3 at 3 different frequencies for 6 different
testing loads.

(i1) £=2.294 GHz is out of the band, but the scattering matrix
says that the behavior should be even better (better directivity),
and (iii) £=2.104 GHz is a frequency which is far from the
center, but with a directivity that could be considered good
enough in other applications (D=10 dB).

The green line is the ideal value, assuming infinite
directivity; the red line is the incident power measured in each
different testing load, and the blue line is the corrected incident
power when applying the method described in this paper. The
results confirm the validity of the proposed method which
substantially increases the measurement accuracy.

III. CONCLUSION

A calibration method of a DC is proposed, based on several
measurements of a short-circuit, to accurately measure the
incident power for any load, regardless of the directivity of the
DC. The method has been validated with real measurements
and a set of 6 different testing loads that are sampling the Smith
chart widely. The method is able to provide accurate values of
the incident power, correcting ripples of up to 5 dB in the
uncorrected measured power, even for frequencies with a
directivity of 10 dB.
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