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A directional coupler is typically used to make nonintrusive measurements of the output power of an
amplifier system or the reflected power of a sink such as a load impedance, an antenna or some other
device under test (DUT).

The accuracy of the displayed result is highly dependent on the directional coupler’s physical
characteristics. We distinguish between quantities that we can determine with test equipment and calibrate
out, vs. factors that we cannot influence and which invariably corrupt the measurement result. Such latter
factors that highly corrupt power measurements and which cannot be calibrated out include the directivity

and isolation of a directional coupler.

This White Paper examines the influence of the frequency response of the directivity on the results of
measurements of the forward and reflected power.
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UNRESTRICTED Introduction

1 Introduction

A directional coupler is typically used to make nonintrusive measurements of the
output power of an amplifier system and/or the reflected power of a sink (load
impedance, antenna or other DUT) (Fig. 1).

Part of the forward or reflected power is decoupled with a fixed coupling factor and fed
to a measuring system.

The accuracy of the displayed result is highly dependent on the physical characteristics
of the directional coupler.

In terms of the measurement uncertainty of the results, we must distinguish between
guantities we can determine with test equipment and calibrate out vs. other factors that
invariably corrupt the measurement result.
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2 Parameters of a directional coupler

The following parameters are used to characterize a directional coupler:

I:)in 1 4 I:,out

—p —»

forward I:)reﬂec:t

v v

Fig. 1. Block diagram of a directional coupler.

Coupling, forward: 10log Pin

P forward

Coupling, reflected: 10log Pout

Preﬂect

P forward
Preflect

Directivity: 10log

Pin

|Og + |Og Pforward

Isolation: 1OIog Pin =1
Preﬂect Pforward Preﬂect

For symmetrical systems, the forward and reflected coupling are identical.

The isolation then has the following symmetry:

10log ﬁ =10log ﬁ

reflect forward

Especially for reflected measurements, the result is dependent on the magnitude of the
isolation and is thus highly dependent on the magnitude of the directivity.
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Influence of the frequency response on the meas  urement
result

The frequency response of a directional coupler is one of the constant factors that is
largely independent of the test configuration (see Figs. 2 and 11 ff.).

The directional coupler’s specified coupling factor is normally valid only for a single
frequency. However, it is possible to measure the frequency response of the coupling
factor using test equipment (or sometimes it is specified in the data sheet). Since this
guantity is constant, the frequency response can be calibrated out or otherwise
eliminated as part of a power measurement. It is a constant factor that is independent
of the test configuration.

As is conventional with physical systems, the coupling varies at the rate of
20 dB/decade or 6 dB/octave.

If we wish to implement a broadband measuring system, the appropriate frequency
response correction must be realized at the test ports for the forward and reflected
power. The simplest approach is to use lowpass circuits.

The example here shows the real frequency response of the coupling attenuation
without any frequency response compensation.

coupling attenuation / dB

0 20dB/decade

COUPLING

0
10 100 f 1000 10f 10000

FREQUENCY
Fig. 2: Coupling attenuation vs. frequency for a directiona | coupler without any frequency
response compensation.

Example: Calculation of the coupling attenuation at a different frequency:

f.

;. far f.<f,

a.(f.)=a.(f.)+20l0g
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2.2 Influence of the directivity on the measurement result

The factors that highly corrupt power measurements and which cannot be calibrated
out include the directivity and isolation of a directional coupler.

Directivity is a fixed (unchangeable) physical system characteristic of a directional
coupler. When making power measurements, the test setup that is used also plays a
key role.

The measurement uncertainty due to low directivity becomes apparent especially
during measurement of the reflected power since the reflected power is generally much
lower than the forward power.

Numerical example:

coupling = 50dB

] 4 return loss = 26dB
Pp~6008M ——1 1
Pr=60dBm-50dB=10dBm R-=60dBm-26dB-50dB=-16dBm

Fig. 3: Example of a real -world directional coupler.

If our directional coupler had perfect isolation, the return loss of the load would equal
the difference between the reflected and forward measurements:

|:)r - |:)f = -16dBm-10dBm= -26dB = returnloss of load

However, in real-world systems the directivity is finite and it typically causes a
substantial measurement error. Since the forward and reflected waves are complex
vectors, the phase angle (between the directional coupler and DUT) is just as relevant
as the magnitude. The phase angle is determined by the wavelength of the signal and
the distance between the load and the directional coupler.

01.00 Rohde & Schwarz Influence of a directional coupler’'s parameters on the results of forward 6
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The following figures should help to clarify this situation:

Fig. 4 shows a typical test setup. The DUT and the directional coupler are separated

by a distance | which is typically realized with a coaxial cable that also serves to
transform the load impedance.

At the directional coupler’s reflection port, two components are added vectorially:

- The DUT'’s input impedance transformed by the phase angle ®
- The vector of the measurement system’s directivity

— -j2/3
rload_‘rloade :
mismatch
o —
N | = distance load-coupler MNoad
Iy
Forward port Reflected port
— — = -j2a
= +
rr rd rload e

Fig. 4: Typical test setup.

Fr = Reflectioncoefficientatdirectiondcouplersreflectionport

r, =Directivity of directionacoupler
E = Reflectioncoefficient ofload/ DUT

L= 27” [ =Phaseoefficien A =Wavelendt
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Fig. 5 shows the correlation.

Fig. 5: Vector addition of measurands at the reflection por  t.

The measurement result at the reflection port is dependent on the magnitude of the
load’s reflection coefficient ( rload) as well as especially on the phase angle ® (= 28I)
between the directional coupler and the load. It can lie at any point on the
circumference of the circle (Fig. 5).

The maximum measured value is attained if the two vectors are in phase (® = 0°). The
minimum measured value occurs if the two vectors are out of phase (® = 180°).

rr,max :‘rd +‘rload
rr,min :‘ rd _‘rload

From this discussion, it should be clear that for a given directivity, the measurement
error increases as the DUT'’s reflected power decreases.

01.00 Rohde & Schwarz Influence of a directional coupler’'s parameters on the results of forward
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Example 1: Directional coupler with good directivity (typ. 1 o ctave)

Directivity of directiondcoupler= 34dB = =0.01995

Iq

Returnlossload=-26dB = ‘E =0.0501

Inputpower=5kW = Expectedeflection=126W

(el :‘Fd +][ | = 001995+ 0.0501= 007 -23dB
o :‘r_(; ~|F | = 003015 -30.40B

Measuredralues min.= 4.55W, max.= 25.06W

Instead of the expected value of 12.6 W, the measured value can assume any value
between 4.55 W and 25.06 W.

Rohde & Schwarz Influence of a directional coupler’'s parameters on the results of forward
and reflected power measurements
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2.2.2 Example 2: Broadband directional coupler with typical directiv ity
found in EMC measuring systems

—_—

I

Returniossload=-2.92B= r | = 0.7145= VSWR =6

=0.0708

Directivity of directiondcoupler= 23dB =

Inputpower=10kW = Expectedeflection=5105V

rrmaJ = ‘ r. +‘EH = 0.0708+ 0.7145= 0.7853=> -2.10dB
[oon :‘Fd —‘m = 0.6437= -3.83dB

Measuredralues min.=4144W, max.=6166W

As we might expect due to the worse directivity, the measurement error is relatively
large. Instead of the correct value of 5105 W, a value between 4144 W and 6166 W
can be displayed.

If we use the directional coupler from Example 2 to measure a small reflection value
like in Example 1 (-26 dB), a value between a minimum of 2.14 W and a maximum of
73.11 W can be displayed instead of the correct value of 12.6 W.

Since the phase angle to the DUT has different values at different frequencies, the
displayed result will also vary as a function of the frequency.

2.2.3 Example 3: Two identical directional couplers in series at the
output of an amplifier system

We will now discuss a further practical example which illustrates the dependency of the
measurement result on the distance between the directional coupler and the DUT/load.

At the output of our amplifier system, two identical directional couplers are connected
in series (Figs. 6 and 10) due to the need for multiple power samples for different test
instruments or for monitoring applications.

Since the directional couplers each have a different phase angle to the DUT, they will
display different measured values.

01.00 Rohde & Schwarz Influence of a directional coupler’'s parameters on the results of forward 10
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Moad

—_—

rr1: rd + rload

-j201
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e

rr2 = rd +‘rload

Fig. 6: Divergent measured values due to different phase an  gles to the DUT.
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Fig. 7: Vector display of the measurement uncertainty for F ig. 6.

As seen in Fig. 7, different measured values (green vectors) are obtained due to the
finite directivity and the different phase angle (distance to DUT, blue vector) despite the
fact that the reflected wave (red vector) has the same magnitude at both directional

couplers.

01.00 Rohde & Schwarz Influence of a directional coupler’'s parameters on
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2.2.4

The following example illustrates this problem:

For the two directional couplers connected in series, the (mechanical) distance
between the two reflection ports is assumed to equal 375 mm. If we now compare a
measurement at 200 MHz on the two reflection ports, we obtain the following phase
difference for the reflected wave:

aw =2+ Y= 300

A A/lHZ

AD = 12472*0375 T orl80

We expect to find the maximum deviation between the two measured values here
since the reflected waves are out of phase on the two reflection ports.

If we now compare a second measurement at 100 kHz, we obtain the following phase
difference on the reflection ports:

300

27T A
AD = 72*A| /n /7_300011
MHz
21T
AD =27 2%0375= 0.00157 or0.09
300(

The measured values at the two reflection ports should not exhibit any significant
deviation since the phase difference is only 0.09° (Fig. 7).

This example makes it clear just how much the test setup can impact the measurement

result.

Example 4. Measurement uncertainty for differ  ent VSWR values
and directivities in a measuring system

Figs. 8 and 9 below represent a typical case for EMC applications. The expected range

of values is shown for a reflection measurement with antenna system matching as
follows:

VSWR =6 and 1 kW forward power (Fig. 8)
VSWR =10 and 1 kW forward power (Fig. 9)

As we can see in Figs. 8 and 9, the results vary widely as a function of the directivity
and VSWR.

Rohde & Schwarz Influence of a directional coupler’'s parameters on the results of forward
and reflected power measurements
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Measurement Reading v. Directivity

Forward Power = 1000W
VSWR=6

Reflected Power = 510W

&
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&
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puslele mmure@ent madinés due to

influence of directivity and ph'T

30

Directivity of Measuring Coupler

nt with finite dire ctivity, VSWR = 6

Fig. 8: Range of measured values for a reflection measureme
and 1 kW forward power.

Measurement Reading v. Directivity

Forward Power = 1000W
VSWR = 10

| Reflected Power = 669W

Reflected Power

700686
689,

alue

el expected value

32 30 28

Directivity of Measuring Coupler

nt with finite directivity, VSWR

Fig. 9: Range of measured values for a reflection measureme
and 1 kW forward power.
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2.3 Rohde & Schwarz directional coupler systems

2.3.1 Example for broadcast transmitters

Fig. 10: Directional coupler with two measuring systems and air line connection.

R&S®GD998 - 26 kW UHF directional coupler, frequency ra nge 470 MHz
to 862 MHz

Ba1 @\ 1 §50.00000 MHz -54.982 dB

— 10

)
— 0 k)

= -10

- -20

-30

— -40 ~ P Ca”a e

L 50 M1

I~ -60

—-70

Ch1 Base Freq Start 470 MHz wr 0dBm Stop 862 MHz
Fig. 11: Coupling attenuation -55 dB (blue), directivity < —-34 dB (orange).
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and reflected power measurements

14



UNRESTRICTED Parameters of a directional coupler

R&S®GD998 - 42 kW VHF directional coupler, frequency ra nge 170 MHz

to 254 MHz
S41 @1 210.00000 MHz -58.094 dB
—10
—o0
--10
20
- -30
- -40
50 M
v
-ouU
- -70
Ch1 Base Freq Start 174 MHz 'wr 0 dBm Stop 254 MHz

Fig. 12: Coupling attenuation -58 dB (blue), directivity < —40 dB (light blue).
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2.3.2 Example for EMC systems

10 kW directional coupler, frequency range 9 kHz to 250 MHz

-70
70.2 @
-70.4
708
708 |4 e T

-1 :
71.2
1.4
-711.6

-71.8

-72
Start: 8.0000 kHz Stop: 250.0000 MHz

-80
-85
-90
-95

00 P A ey A

05| iy

-110

115 i
120

-125

-130
Start: 9.0000 kHz Stop: 250.0000 MHz

Fig. 14: Coupling attenuation approx. —71 dB and isolation < —98 dB (— directivity < —-27 dB).
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1 kW directional coupler, frequency range 80 MHz to 1 GHz

Fig. 15: Coupling attenuation -58 dB @ 1 GHz, directivity < —26 dB.

2/17/ 2014 6:43:16 AM
1311.6010K24- 101615 Vic

Trel 521 dB Mag S dB/ Ref -75 dB Cal  Mem2[Tre1] 521 dB Mag S dB/ Ref -75 dB 1
*M1 80.000000 MHz -58.7892 dB
M2 1.000000 GHz -58.7253 dB
M1 80.000000 MHz 86,7707 dB
! | | | 1 | ! M2 1.000000 GHz +85.1106 0B |
M1 2
-75d8 -4
M2
M1
| Staustics | {s21) |
Min -58.9566 dB
Max -58.5265 dB
B PR 0.4301 d8 | ! | | R1¢
Chl Start 50 MHz Pwr 0 dBm Bw 100 Hz Stop 1.1 GHz

Fig. 16: Coupling attenuation (blue) approx. = —58.7 dB and isolation (red) < -85 dB
(—directivity < —26.3 dB).
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3 Formulas

Reflection coefficient to VSWR

VSWR to reflection coefficient

Reflection coefficient in dB

Rohde & Schwarz Influence of a directional coupler’'s parameters on

the results of forward
and reflected power measurements

R 1

s_l_|r| rO[-11] sO[L o]

M= rOf-11] softo
s+1

a/dB = 20logr|
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Summary

This White Paper examined the physical factors that can influence measurements of
the reflected power in an amplifier system.

The test setup plays a major role when determining the reflected power.

The directional coupler’s directivity can be used to estimate the expected error when
measuring the reflected power. As the magnitude of the directivity decreases, we are
able to make more accurate measurements of the power reflected by a DUT.

Since the reflected wave and the finite directivity represent two different vectors, they
are added vectorially in the directional coupler’s reflection port (Figs. 5 and 7).
Accordingly, the measured value is highly dependent on the phase angle between the
directional coupler and the DUT.

The phase angle is determined by the distance between the directional coupler and the
DUT as well as by the frequency.

This means that when using directional couplers with finite directivity, each reflected
power measurement must be reevaluated in terms of the distance to the DUT as well
as the frequency.

This applies especially to test setups with several identical directional couplers
connected in series to increase the number of measurement samples available for
different test instruments.

As we have discussed, reflected power measurements on a DUT with a constant
VSWR should not be expected to produce a constant value on the directional coupler
at different frequencies. Instead, the results will fall somewhere in a tolerance band, as
illustrated in Figs. 8 and 9.

Rohde & Schwarz Influence of a directional coupler’'s parameters on the results of forward 19
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