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ABSTRACT 

4 

A new directional coupling system for waveguide has been 
developed. The system is the combination of two loop elements on 
the waveguide and coaxial 3 db,90° hybrid coupler and can easily 
be installed on th« waveguide-array mouth for launching lower 
hybrid wave into plasmas. The experimental test of the system is 
carried out near the frequency of 1250 MHz and the directivity 
is found to be 20 db. 

RESUME 

Un nouveau système de coupleur directif pour guide d'onde 
a été développé. Le système est une combinaison de deux boucles 
sur le guide et d'un coupleur hybride coaxial 3 db, 90°. Il peut 
être installé aisément près de la bouche du réseau de guides 
d'onde qui couple l'onde hybride inférieure au plasma. Des essais 
expérimentaux ont été faits au voisinage de la fréquence de 1250 MHz. 
On trouve que la directivité est 20 db. 



- 1 -

Recently, utilization of microwave in the diagnostics 
and rf heatings for the thermonuclear fusion research has been 
further progressed. Microwave components for rf heating with the 
good performance have been developed for high power. To measure 
the incident and reflected powers, which are the most basic para
meters, in rf heating method such as electron cyclotron heating 
(ECH), lower hybrid heating (LHH), and 1on cyclotron range of 
frequency heating (ICRF), the directional couplers are always used. 
The principle for directional coupler can be divided into two 
distinct mechanisms /I/. One is the constructive and destrutive 
interference of waves coupled by two superimposed, but different 
type, coupling as in resistive - loop and Bethe - hole couplers ; 
the other is the constructive and destructive interference produced 
by waves arriving at the given position by different paths as in 
two (or multi) - holes and Hichelson - type couplers. The former 
has been installed in the transmission line for ICRF and LHH ; 
the latter for ECH /2/. There is no special restriction on the 
design except the high power. Directional couplers are at the 
outside of the vaccum vessel where the hot plasma is confined. 

The microwave measurements near the mouth of the waveguide 
array (i.e. Grill) for LHH have been required, in oder to detect 
rf phase at the mouth of the Grill and to control dynamically rf 
phase for wave in each waveguide. Unfortunately, to install the 
ordinary directional coupler in an extension port of the vaccum 
vessel, no wide space exists in general. Besides, no aperture for 
coupling can be made on the broad surface of the waveguide because 
the grill is composed of waveguides piled up on the broad wall. 
Therefore, the directional coupler with small size by the use of 
apertures on the narrow wall of the waveguide has been investigated. 

It should be noted that coupling of rf with coupling 
element is due to almost entirely the magnetic field component of 
the main wave because the aperture is located at the point of zero 
electric field in the main wave for T E l n mode. 



- 2 -

For the well-known resistive-loop coupler to be applicable, 
the loop must be inserted into the waveguide to pick up the rf -
electric field. From the viewpoint of rf - voltage breakdown, such 
insertion is not beneficai. By rotating the loop to cancel rf-magnetic 
field with rf-electric field, high directionality is obtained. The 
resistive-loop coupler on the narrow wall, however, is sensitive to 
the rotation angle due to the strong rf-magnetic field. The design 
needs an effort of cut-and-try. Because the directional coupler is 
difficult to repair in vaccum, the simple structure and adjustment 
for obtaining the necessary directivity are required. From the 
above-mentioned reasons we believe the resistive-loop coupler is 
unsuitable in the mouth of the Grill. 

Me have developed the directional coupler which consists 
of the combination of the 3db, 90° hybrid coupler and two loops 
separating with the distance of a quarter guide-wavelength as a 
candidate. The directional coupler developed here has a performance 
of the directivity 20 db and the coupling 47 db which is easily 
increased by keeping the coupling loop away from the aperture. 
It is worthy noting that no coupling element inserts 1n the waveguide 
and that 3db, 90° hybrid coupler can be set at the outside of the 
vaccum chamber. 

THEORETICAL ANALYSIS 

Figure 1 show a directional coupler, which is the 
combination of the 3db, 90° hybrid coupler and two loop elements 
separating with the distance of a quarter guide-wavelength. 
Hereafter, we refer to this system as the two-loops directional 
coupler. The waveguide with reduced size, the cross section of which 
is 8 mm x 165 mm, is under the test. The waveguide will be used 
in the experiments for electron heating or current generation by 
rf in the PETULA tokamak /3/. Two loops picking up H. whose size 
is 3mm X 3mm are located just on holes (2 r Q = 6mm) in the narrow 
wall of the waveguide. The distance between loops 1 is 87.4 inn 
which corresponds to A q/4 for working frequency f D of 1250 MHz. 
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Here, X„ is the guide-wavelength. The loops are able to keep away from 
the wall to adjust the outputs by inserting the various spacer. The 
outputs from loops are connected to the octave-band 3db, 90° hybrid 
coupler, the center frequency f of which is equal to 1500 MHz, with coaxial 
cables with the same length. When a two-loop directional coupler is 
applied to the device for the RF heating, only the loops and cables 
remain in vacuum, and the 3 db, hybrid coupler is Installed out of the 
vacuum vessel. To withstand temperatures exceeding 250°C in the case of 
the baking of the Grill, the micro-coaxial cables with dielectrics of 
magnesia can be utilized (e.g. UT-141-I from Uniform Tubes Inc.). 
In the two-loops directional coupler, the main line 1s the reduced 
waveguide and the auxiliary lines are the ports 3 and 4 as shown in 
Fig. 1 which carry a sampling of the forward and reflected powers. 
In the present report, the coupling C, the directivity D and the 
auxiliary line VSWR S„„. v are discussed and measured. 

With an incident wave of unit amplitude at the waveguide, let 
the field coupled to the loop element has an amplitude c a > If only a 
small amount of the incident power is coupled by the first aperture, 
the amplitude of the incident wave at the second aperture is unity. 
The signal detected at the second loop element is c.( (1-e) exp (-1U). 
Here, e is an error in the adjustment to equalize the amplitude with 
the same level as the first loop and k = 2ir/X is the wavenumber. 
When rf outputs from loops are applied to the 3db, 90° hybrid coupler, 
outputs V, and V. in the hybrid coupler are as follows : 

/v 3wsine -icosew ca V ( i j 

\V 4y V-icose sine/ \c a(1-e) exp(-ikl)/ 

Here, 6 is the coupling angle in the hybrid coupler which varies 
almcst sinusoidally with frequency as 

6 s w n < f U ( 2 ) 

c 
where, 8 m is the coupling angle at the center frequency and the 
coupling length in the hybrid coupler is a quarter wavelength at 
f = f . For the numerical calculation, the octave-band 3db hybrid 
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coupler (0.66 f, to 1.33 f„) with e „ , = 48.5° is used. This gives 
- 3db ± 0.45db of couDlinq at center freguencv for dc and coupling 
arms in the hybrid coupler. The numerical calculations for coupling 
with f = 1500 MHz are shown in Fig. 2. In the following ones, we Ignore 
the unbalance of the phase of 3db, 90° hybrid coupler, because the 
maximum unbalance is within ± 1.5° of which value can be cancelled 
with small shift in kl in V 3. From eqs. (1), we obtain with the 
order of e 

|V3|2 = c a' (j-2 E cos 8 9 - (1-f) sin 29 sin kl] (3) 

|V 4| 2 = c a
2 fl-2 e sin8 9 + (1-e) sin 29 sin kl) . (4) 

when the orientation of waveguide is reversed, we also obtain 
|V 3| 2 = c a

2 fl-2 e cos 2 9 + (1-e) sin 29 sin kl) (5) 

|V 4| 2 = c a* {j-2 e sin" 9 - (1-e) sin 29 sin kl) . (6) 

The coupling and directivity for the port 3 are given by 
log c = - 20 log e a 

log | (l-2 e cos 2 9 + (1-e) sin 29 sin kl) | (7) 
C = - 20 log c = - 20 log e a 

- 10 

0 = - 10 loq I '"2 e c o s' 9 * d~ e) S l n 2 9 s i n fc1 I (8) 
1 1-2 e cos 2 9 - (1-e) sin 29 sin kl I . 

The similar results for the port 4 can be easily obtained from eqs. 
(4) and (6). As shown in Fig. 2, 0 in the ideal case (a) of the 
constant coupling 9 s ir/4 is written as 

0 - - io log -LLîSLiL (9) 
1 - sin kl 

It should be noted that 0 is independent of e. The directivities in 
three cases for (b) e = 0, (c) e = 0.05 and (d) e = - 0.05 are shown 
in Fig. 2 with the same condition of 9 m x = 48.5° and f = 1500 MHz 
for each case. From the viewpoint of utilisation, unbalance e for 
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coupling and small deviation of coupling from -3 db are not so important 
because D z 20 db is satisfied near the operating frequency 
f = 1250 MHz. As described in Appendix, for 0 = 20 db, the maximum 
change in coupling to forward power within reflection coefficient of 
the load \r ' £ 0.5 is about t 0.5 db. The coupling depends on c which 
is determined by magnetic dipole as equivalent radiation source. It is 
noted that the radiation field 1s proportional to r.3 for a small 
circular aperture of radius r Q less than free-space wavelength. 

Ports 1 and 2 in the hybrid coupler are connected by loops 
with the voltage reflection coefficients r. and r 2 which are almost the 
same. When the signal i* incident on the port 3, then the reflection at 
the port 3 is given by (r1 - r 2)/2 and at the port 4 (r, + r 2)/2. 
Because of r. s r«, the reflected power never reaches the input port 3. 
This behaviour means that VSWR in the auxiliary lines is nearly equal 
to unity. 

Instead of 3db, 90° hybrid coupler, the 3db, 180° hybrid 
coupler or two ways in-phase power divider can be used together with 
the 90° phase shifter in one input. As such phase shifter, Schiffman 
phase - shifter /4/ is applicable. If an ordinary delay line with the 
length corresponding to 90° - phase shift at f = f Q is used as the phase 
shifter, the phaca shift depends on frequency as a function of (tr/2) 
(f/f Q). In the system, the calculated directivity decreases by about 
3db in the range of 50 MHz < | f - 1250 MHz | < 100 MHz. 

EXPERIMENTAL PROCEDURES AND RESULTS 

In Fig. 3, the simplified diagram of apparatus for experiments 
is shown. Here, VSWR of the waveguide tapered from the standard one 
(WR-650) is 1.09. The isolator is used to eliminate multiple reflection. 
To measure the directivity two sliding terminations with the different 
VSWR are used. 

First, two cables connecting with hybrid coupler are removed. 
By sliding the short circuit plunger, the maximum of the standing wave 
1s located at loops. Couplings at two loops are adjusted so as to be 
equal nearly within 0.1 db. The outputs detected are compared with 
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the output from the calibrated directional coupler with high 
directivity. Taking that the output is increased by 6.02db from 
20 log c a, we obtain the value of -20 log c a = 49.4 + 0.1 db. 
By inserting the spacer between the waveguide and loop housing, the 
dependence of the output on the distance is measured. The result 
obtained is 5.7 db/mm in damping rate within the range of 3mm from 
the outer wall. By inserting and sliding terminations with different 
VSWR, rf output picked up from a loop is measured as a function of 
distance. From the measured VSWR, the voltage reflection coefficient 
|r | of the sliding load is calculated for each termination. At 
f = 1250 MHz, the values of fr| with low and high VSWRs are 0.09 and 
0.42, respectively. The value is important to determine the directiona
lity as described later. 

Second, two cables are linked again between the hybrid coupler 
and each loop. The end of waveguide is terminated at any position with 
the sliding load. Microwave power is Introduced to the port 3 or 4 of 
the hybrid coupler and the reflected power is measured to obtain the 
auxiliary line VSWR. In the frequency range of 1150-1350 MHz, VSWR 
shows 1.03 - 1.13 ; the results are consistent with the theoretic?.! 
analysis. 

Third, to measure the directivity and coupling in the present 
system, the sliding load with low or high VSWR is attached to the 
reduced waveguide and calibrated crystal detectors to the auxiliary 
ports 3 and 4. Here, we have adopted the sliding matched load method 
and the sliding mismatch method in ref. /5/. While the load 1s slided, 
the outputs of the detectors are read out by the use of the micro-
voltmeter as a function of the axial distance as shown in the curves (a) 
and (d) in Fig. 4. These procedures are done for the other sliding 
load (curve (b)J and the short circuit plunger [curve (c)J . All the 
outputs arc normalized with an input amplitude injecting to the 
waveguide. 

The directivity deduced from the sliding load method is given 
by (see Appendix) 
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D = - 20 log d 
•> m " / 2 0 i i i = W + 20 log - ^ , for d | £ r I (10) 
1 0 U ' 2 0 + 1 

? m " / 2 0 i i , i D = w + 20 1 o g - ^ , for d S r (11) 
1 0 U / 2 ° - 1 

Where, d is the voltage directivity ratio and U is the difference 
in db between the coupling C and the maximum in the reflected power 
and U is the difference in db between the maximum and minimum in the 
reflected power at the course of the sliding. 

In the next step, the orientation of the two-loops directional 
coupler in transmission line is reserved. By sliding the load with 
low VSWR, the forward power is measured as a function of the distance. 
The results are almost the same as the curve (d) in Fig. 4. Therefore, 
the average value of the curve (d) corresponding to the coupling C 
is 46.5 db which is well explained with the value measured from the 
coupling of the loop. 

After the values of |d | are calculated from the above eqs. 
(10) and (11) by subsituting the measured values of w and U and 
compared with |r| of the sliding load, D satisfying the condition 
(|d | > |r | ) is chosen. The measured directivity D , coupling C and 
auxiliary line VSWR Svaux are listed in Table I. The measured 
dependence of D on frequency is not well fitted with the theoretical 
prediction. The hybrid coupler used has coupling of 3 db ± 0.1 db 
in the range of 1150-1350 MHz. The performance of coupling is good 
and unbalance of e in experiments is about 1 %. The value of D does 
not change in experiment when the connecting cables to ports 1 and 2 
are exchanged with each other. The effect of isolation of the port 1 
from the port 2 on D is negligible because the directionality is 
almost the same in the presence of lOdb attenuator in front of ports 
1 and 2. Up to data, there is no explanation for the quantitative 
disagreement. 
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CONCLUSION 
For measuring the incident rf power near the grill mouth, 

we have developed th? new directional coupling system combinating 
two loops and Sab 90° hybrid coupler. The system is simple in 
structure and adjustment a'.d has excellent directivity, coupling 
VSHR and isolation characteristics. 

APPENDIX 

In the appendix, the derivation of eqs.(IO) and (11), and 
the maximum possible changes in coupling to forward and reflected 
powers in mismatch Une are discussed. 

Let the unit amplitude of microwave introduce to the 
directional coupler. By sliding the load the maximum and minimum 
in coupling to reflected power are given by 

M r = -C + 20 log ( | d | + \r\ ) 

and m r = -C + 20 log ( | d | - | r | ) 

The difference in db is 

U = 20 log ! t ! r ! I (fl.D k i 
Because the average value in coupling to the forward power is -C, 
the difference in db between -C and the above mentioned maximum 
given by 

W = - 20 log ( | d | + | r | ) . (A.2) 

substituting eq. (A.I) to (A.2) we can obtain eqs. (10) and (11). 

The maximum and minimum in coupling to forward power are 
also given by 

Mf = -C + 20 log (1 + |r||d|) 
and mf = -C + 20 log (1 - |r| |d|). 

These M„, m , M f and m f are calculated as a function of |r| and 
plotted in Fig. 5 and 6. As example, the regions between the maximum 
and minimum are shown with the dots. 
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When the coupler is used to measure reflected power, the 

value of D is of importance. Suppose the reflection coefficient 

to be measured is 0.4 and C is equal to 20 db. The possible maximum 

error in measuring forward power is ± 0.35 db, and in measuring 

reflected power is + 2 and - 2.7 db. The measured reflection 

coefficient may range from 0.29 to 0.50. 
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FIGURE CAPTIONS 

Fig. 1 : Schematic drawing of the two-loops directional oupler. 

Fig. 2 : The ca^'jlated directivity of the two-loops directional 

coupler and the coupling -per 3db, 90° hybrid coupler with 

emax = 4 8 ' 5 ° a n d f c * 1 5 0 0 M H 2 , T h e c o u P l i n S i s u s e d *n 

the calculation of the curves (b), (c) and (d) ; 

(a) 9 s 45°, (b) s = 0, (c) E = 0.05, (d) e = -0.05. 
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Fig. 3 : Experimental arrangements for adjusting and measuring. 

F'-i. 4 : Typical results of output 
V, [the curves (a), (b) and (c)J and 
V* [the curve (d)l as a function of distance. 

Fig. 5 : The maximum possible deviations in coupling to forward 
power in the mismatch condition. 

Fig. 6 : The maximum possible deviations in coupling to 
reflected power in the mismatch condition. 
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Table I - Electric parformance in the two-loops directional coupler. 

frequency coupling directionality auxiliary line 
f (MHz) C (db) D (db) VSWR S v a u K 

1150 46.2 15 1.06 
1200 46.2 18 1.12 
1250 46.5 19 1.13 
1300 48.0 19 1.04 
1350 47.6 20 1.05 



micro COCK cable UT-141-I 

mutWv.jMmnmitMM.wwaw 7 
waveguide 

\unnantwria 
7 * h-'-H 

( 
* 1 2 ' 

%{1-Z)exp(-ikO 

3db, 90° hybrid 
coupler 

|3 |4 

*3 V4 
Fig.l 

http://mutWv.jMmnmitMM.wwaw
file:///unnantwria


AU 1 1 1 

S* ^ 
30 / T (aî\ 

/ ' x \ v \ 

20 

1 1 i 

— 

-4 | 1 I I 
de arm-90° 

— 

-3 ^ — — — •— 

-2 
coupled arm 0° 

•— 

1 1 1 
1150 1200 1250 1300 

Frequency / (MHz) 
1350 

Fig. 2 



short circuit 

isolator -
calibrated 
directional 
couplers 

tapered 
waveguide 

* I I I I I J I I 1 1 1 I 

mr 
signal 

source 

> 

-3-
termination 

directional uniform 
coupler section of 

under test waveguide 

Fig. 3 



detector output (db) 

# 



0.2 0.4 0.6 0.8 
reflectfon coefficient |r| 

Fig, 5 



10 oo 

0.2 0.4 0.6 0.8 
reflection coefficient \r\ 

Fig.6 


