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A sub-THz Mach-Zehnder quadruplexer
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Abstract: The paper describes a multi-port, multi-frequency, quasi-optical device capable to combine four incident
waves and to switch the combined wave flow from one output channel to another by control of input wave frequen-
cies.
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1. Introduction
Multiplexers [1] are known to be used

e to combine and switch waves different in frequencies due to the reciprocity principle,
e to distribute waves of different frequencies between different outputs.

Among applications of multiplexers, there are microwave communication, radar and, at the
present time, the fusion plasma stabilization [1-4]. This paper presents an elementary theory and
a simplest experiment with a quasi-optical quadruplexer based on Mach-Zehnder cells.

2. The Elementary mach-zehnder interferometer performance
The usual Mach-Zehnder interferometer (Fig.1a) consists of two 3-dB hybrids and two differ-

ent channels between them. The wave incident to any input 1 or 2 is split by the first hybrid into
two equal power waves.
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(a)

(b)

Fig.1 a) Scheme of Mach-Zehnder interferometer: H;, H, — hybrids, t — time delay due to channels length difference.
b) Transmission coefficient from inputs 1 to output 3 of 140 GHz band interferometer with fix delay
1=62410"c.

These waves, after propagation through the channels of different lengths with the delay time
difference 7, are combined by the second hybrid. In the ideal case, the wave transmission coefti-
cients K;; (Fig. 1b) represent the following functions of the wave frequency f :

K, =cos’ nft, K,, =sin’ nft (1)
K, =sin’ nfr, K, =cos’ nft

To combine two signals with different frequencies f; and f>, the minimal delay time is
;= 1/2(f> - f1). However, according to (1) and Fig. 1, the wave combining may be provided at
longer delay times as well. This effect may be used to make multiplexers composed of Mach-
Zehnder cells.

3. A Quadroplexer theory

Four waves of different frequencies may be combined (Fig. 2) by successive stages:
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- waves of frequencies f; and f> are combined by the interferometer “A”, and waves of fre-
quencies f3 and f; are combined by the interferometer “B”;

- the pairs of combined waves are delivered, with frequency switching, to inputs of the inter-
ferometers “C” and “D”’;

- with frequency switching, the total power may be delivered to any of outputs 1-4.

Fig. 2 The scheme of quadruplexer.

Transmission coefficients of this quadroplexer represent multiplications of the frequency con-
trolled transmission coefficients of the first and the second stages:

K, =cos’ nf,r  cos’ nfir. =1 ()
K,, =sin’ af,r, cos’ nf,r,. =1 ()
K,, =cos’ nf,t, sin’ afyr. =1
K, =sin’ af,r,sin’ 7, fr. =1
According to (2), waves of frequencies f; and f> and waves of frequencies f; and f; are deliv-
ered to any of outputs 1-4, if the last stage delay time is ¢ = 1/2(f3—f1)=1/(f>— f1)=2 74 . As an

example, the Fig. 5 shows wave transmission functions calculated for one of the outputs of a
quadruplexer designed to operate at 140 GHz.

4. Modeling experiment at 140 GHz

The quadroplexer performance was experimentally simulated at a mock-up (Fig.3) which
scheme was reduced and inverted relative to that shown in Fig. 2. The mock-up was composed of
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1) A 140 GHz source — a BWO phase-locked to a quartz-based source;
2) Three Mach-Zehnder interferometers (A, B and C);

3) Two RF detectors D1 and D2;

4) 0 - 50 dB tunable attenuator (Att.1);

5) A quasi-optical attenuator (Att.2) to exclude resonances at spurious modes.

\ 7/
7/ VAR

Fig. 3 The 140 GHz quadroplexer mock-up.

The interferometers A, B and C [5, 6] were composed of oversized square-cross-section wave-
guides and mica plate 3dB splitters. The oversized waveguides were coupled to single mode
waveguides with pyramidal adapters. The output voltages of detectors were measured with digital
voltmeters. The setup was preliminarily adjusted by tuning delay lengths of interferometers: in
accordance to (2) the condition 7¢ = 274 at fy = 140 GHz and ¢ = 273 at f; = 140.8 GHz were sat-
isfied.
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Fig 4. Frequencies of total RF power transmission to one of outputs.
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The BWO signal was fed to the interferometer C (Fig. 3). The signal was switched between
two outputs of the interferometer C by changing the BWO frequency at Af; = 800 MHz. The out-
puts of interferometer C were connected to interferometers A and B. By changing the frequency
at Af> = 1600 MHz, the interferometer A switched the signal between outputs 1 and 3. The inter-
ferometer B performed the similar function: switching the signal between outputs 2 and 4. Thus,
in accordance to (2), the quadruplexer transmitted the whole RF power (Kj=1) to one of 4 out-
puts at discreet frequencies shown in Fig. 4.
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Fig. 5 The quadroplexer transmission functions for two outputs: solid curve — calculation, dots — experimental
data.

In the experiment (Fig.5), the frequency was changed discretely by 100 MHz steps within 134-
148 GHz interval (the bandwidth was limited with characteristics of the splitting plates of inter-
ferometers). The band included 16 frequency channels, each of 0.7 GHz bandwidth at the 3 dB
level.
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5. Summary

Thus, the above theory and experiment proved to be in a good mutual agreement. Though our
experimental mock-up (Fig. 3) realized only a part of the scheme shown in Fig. 2, there is no
doubt that a quadruplexer assembled in accordance to the full Fig. 2 scheme would operate as
well. Moreover, the method based on using Mach-Zehnder interferometers may be expanded to
combining/separating and switching of still larger amounts of partial wave beams. Of course, for
high RF power applications [7, 8], all components of such devices should be efficiently cooled
and should provide efficient out-filtering of spurious modes.

This work is supported by the grant of RFBR 11-02-00554 and the grant 047.018.002, Centre
of Excellence, the Nederland. The authors are grateful to Michael Petelin for constructive discus-
sions.
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