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External Feedback Effect in Terahertz Resonant
Tunneling Diode Oscillators

Luong Duy Manh
Jaeyoung Kim, Toshikazu Mukai, Masayuki Fujita

Abstract—The external feedback effect of a resonant tunneling
diode oscillator in terahertz (THz) proximity wireless transmission
is modeled and analyzed. The model is based on the circuit model-
ing of the resonant tunneling diode and the passive structures. We
investigate important system parameters such as the reflectivities
at the transmitter and the receiver and the power coupling. It is
found that the frequency change, the frequency change rate, and
the direct-current change are mainly dependent on the reflectivity
at the receiver. The received power change is mainly caused by
the reflectivity at the transmitter. The simulations agree well with
the experimental results. In addition, we demonstrate the high ac-
curacy of our models by clarifying origins of the bit-error-rate
change with distance. This demonstrates that the proposed model
can be used for the design of a stable THz proximity wireless com-
munication system. The model is also considered to be potentially
applicable in other promising THz applications including sensing
and radar.

Index Terms—External feedback, radar, resonant tunneling
diode (RTD), sensing, terahertz (THz), wireless communication.

1. INTRODUCTION

ERAHERTZ (THz) waves are currently being extensively
T studied because of promising applications including high-
capacity wireless communication, high-resolution imaging, and
high-sensitivity sensing [1]-[10]. Resonant tunneling diodes
(RTDs) are becoming one of the most promising THz sources,
thanks to their room temperature operation, compact size, cost
effectiveness, and high-frequency oscillation [11]-[16]. With a
reported oscillation frequency of 1.92 THz at room temperature

Manuscript received January 1, 2018; revised April 25, 2018; accepted May
17, 2018. Date of publication May 31, 2018; date of current version July 2,
2018. This work was supported in part by the Core Research for Evolutional
Science and Technology Program of the Japan Science and Technology Agency
(#JPMJCR1534). (Corresponding author: Luong Duy Manh.)

L. D. Manh was with the Graduate School of Engineering Science, Osaka Uni-
versity, Osaka 560-8531, Japan. He is now with the Faculty of Radio-Electronic
Engineering, Le Quy Don Technical University, Hanoi 100000, Vietnam
(e-mail: duymanhcs2@mta.edu.vn).

S. Diebold was with the Graduate School of Engineering Science, Osaka
University, Osaka 560-8531, Japan. He is now with pSemi (a Murata Company),
San Diego, CA 92121 USA (e-mail: diebold @laser.ee.es.osaka-u.ac.jp).

K. Nishio, Y. Nishida, M. Fujita, and T. Nagatsuma are with the , Gradu-
ate School of Engineering ScienceOsaka University, Osaka 560-8531, Japan
(e-mail: kousukenishiol 18 @s.ee.es.osaka-u.ac.jp; yousukenishidal27@s.ee.
es.osaka-u.ac.jp; fujita@ee.es.osaka-u.ac.jp; nagatuma@ee.es.osaka-u.ac.jp).

J. Kim and T. Mukai are with the , Fundamental Research and Develop-
ment Division, ROHM Co., Ltd., Kyoto 615-8585, Japan (e-mail: jaeyoung.
kim@dsn.rohm.co.jp; toshikazu.mukai @dsn.rohm.co.jp).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TTHZ.2018.2842209

, Member, IEEE, Sebastian Diebold, Member, IEEE, Kousuke Nishio, Yousuke Nishida,
, Member, IEEE, and Tadao Nagatsuma

, Fellow, IEEE

[17], RTDs can be utilized for a wide variety of important ap-
plications in wireless communication [18]-[23], imaging [24],
as well as in sensing [25]. In these RTD-based applications, the
transmission distance between the RTD transmitter (Tx) and
receiver (Rx) is limited to a short distance due to the low out-
put power of the RTD Tx and strong attenuation of the THz
wave in air [26]. This leads to a complex and important effect
called external feedback, which is caused by the standing wave
on the THz transmission link [27], [28]. This standing wave
occurs, when part of the THz signal is reflected back to the RTD
Tx, when it reaches the Rx. As a result, not only the oscilla-
tion frequency but the received power and direct current (dc)
of the RTD oscillator can easily change with the distance be-
tween the Tx and the Rx. These changes contribute both nega-
tively and positively. In wireless communication, any change in
the frequency or power is not desired, particularly when using
frequency- or phase-based modulation schemes such as quadra-
ture amplitude modulation (QAM) or quadrature phase-shift
keying (QPSK). On the other hand, in sensing and radar appli-
cations, frequency or dc current changes may play important
roles in targeting objects and in the sensing properties of the
system, such as the reflectivities at the Tx and the Rx or the
power coupling efficiency and power loss factors. Consequently,
understanding and modeling the external feedback effect will
contribute significantly to the design of various promising THz
applications. To the best of our knowledge, Asada and Suzuki
[27] were the first to report this RTD oscillator effect. Their
analysis demonstrates that the frequency change is directly pro-
portional to the load reflectivity and inversely proportional to the
Q-factor of the RTD oscillator. Moreover, they also showed that
the frequency changes periodically as a function of the distance
between the Tx and the Rx, and of the load reflectivity phase by
a sinusoidal function. However, their theory is not supported by
experimental data. In addition, realistic models consisting of the
most of essential components of the Tx and Rx were not consid-
ered practically. However, in this study, we construct a complete
model to effectively describe the external feedback effect in the
300-GHz band by considering various critical factors of the sys-
tem. Our model is then validated by measurements. The rest of
this paper is organized as follows. The constructed model and
various investigations on the external feedback effect are pre-
sented in Section II. The simulated results are then validated
by measurements in Section III. After validating with measure-
ments, the contribution of the model to wireless communication
is demonstrated in Section IV. Section V summarizes this paper.
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Fig. 1. Tllustration of the external feedback effect on RTD-based systems.
Here, L is the spacing between the Tx and the Rx.
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Fig. 2. Equivalent circuit of an intrinsic RTD.

II. MODEL CONSTRUCTION

In this section, the external feedback effect is modeled, based
on the circuit simulation method. Because this effect relates
to all the components of the RTD-based system such as the
Tx, Rx, and THz link, every individual component must be
modeled. Fig. 1 shows the simplified illustration of the external
feedback in the RTD-based system. External feedback is caused
by the standing wave of the THz link, which occurs due to the
interference between the transmitted and reflected THz signals.
The following subsections present the modeling procedure for
each component of the system.

A. RTD Oscillator Modeling

The RTD oscillator consists of an RTD, a resonator line, and
an antenna. In contrast to the RTD model in [28], which has
a polynomial-based current and a voltage-independent capaci-
tance, the present RTD model employs a more complex current
model and a voltage-dependent capacitance. This capacitance
model includes both static and dynamic capacitances, while
the complex current contains three current components: coher-
ent tunneling current, excess current, and perimeter-dependent
sidewall current. A detailed description of this RTD model is
given in [30]. The equivalent circuit of the intrinsic RTD is il-
lustrated in Fig. 2. As can be seen that the RTD comprises a
negative differential conductance G4, a capacitance Cyyq, and
a series resistance Rg, which represents the Ohmic loss of con-
tact. It is to be noted that Gq and C}yq are bias dependent, while
Ry is bias independent. The RTD oscillator is then formed by
connecting the RTD with a resonator and an antenna. Its equiv-
alent circuit is described in Fig. 3, where the resonator and the
antenna of the oscillator are represented by the inductor L, and
antenna conductance and capacitance, G, and C,, respectively.
The oscillation condition is satisfied if the absolute value of Gy

'Grtd C.rtd L G Ca

N —

RTD

Fig. 3. Equivalent circuit of the RTD oscillator.

is equal to GG,. Under such a condition, the oscillation frequency
of the oscillator is determined by the following formula:

1

2 V Lr(Crtd + Ca) .

Here, L, and C, are bias independent. The above formula
indicates that, if the antenna capacitance C, can be varied by
the external feedback effect, the oscillation frequency can be
changed. Moreover, GG, can also be changed by the external
feedback effect leading to the change in output power, received
power, and dc current of the RTD oscillator [27]. This indicates
that all the parameters of the RTD oscillator, including the oscil-
lation frequency, dc current, output power, and received power,
can be varied under the effect of external feedback.

In RTD transmission systems, a hemispherical silicon (Si)
lens is generally used to guide the THz beam radiated from the
antenna of the RTD oscillator. In this study, the Si lens with a re-
fractive index of 3.4 is modeled by a two-port S-parameter block,
in which the magnitude and phase of S1; and Sy9 represent the
magnitude and phase of the THz signal and the reflectivity be-
tween the Si lens surface and the air. The magnitude and phase
of S5 and So; represent the power coupling efficiency from
the RTD to free space and the phase shift of the THz signal in
the Si lens, respectively. These S-parameters are given as

<sn VRI=TD) r>>
SZI

Is el ®s

where ns denotes the power coupling efficiency from RTD to
the free space, and I's and ®g are the magnitude and phase of
the THz signal reflectivity, respectively. ®g; is the phase shift in
the Silens. These S-parameters are defined to exhibit reciprocal,
symmetric, passive, and lossy behaviors. They continue to hold
the true in the lossless case when 7ng = 1. It should be noted
that the reference impedance of the S-parameters block must be
equal to the characteristic impedance of the transmission line
and antenna resistance 1/G, for a proper circuit modeling. Here,
I's, ns, ®s, and Pg; are introduced to take into account the effect
of the multireflection and phase contribution of the system.

foso = (1)

I's el Ps

Si2
SQQ) a («/ns(l —T%)ei?si
(2)

B. THz Link Modeling

The THz link is modeled using a transmission line, which
characterizes the phase shift of the THz signal in free space,
followed by an S-parameter block that characterizes the power
loss due to misalignment, absorption, and polarization in the
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Fig. 4. Complete circuit model.

link. All the S-parameters of the THz link are given as follows:

S S 0 1-— oL
R ‘e (3)
521 SQQ 11—« 0

where « is the loss factor; L and ) are the distance between the
Tx and the Rx and the wavelength of THz wave, respectively.

C. Receiver Modeling

The Rx is also modeled with a two-port S-parameters block,
in which the magnitude and phase of S7; and Ss» represent the
magnitude and phase of the reflectivity inside and outside the Rx
antenna, respectively. The magnitude and phase of S;2 and Sy,
represent the power coupling efficiency at the receive antenna
and the phase shift inside the receive antenna, respectively. A
termination, 1/G,, is introduced to compute the received power
and render the model valid. These S-parameters are given as

St Si2 [Le/®t V(L —Tf)el®s
So1 Sz V(1 —T2)el®s 0
“)

where 7. is the power coupling efficiency at the receive antenna,
which is proportional to the antenna effective aperture size.
I'L and @ are the magnitude and phase of the THz signal
reflectivity at the receive antenna, and ®, is the phase shift
inside the receive antenna. Here, it is to be noted that the S-
parameters of the Rx are slightly different from that of the Tx
in that S7; represents the reflection at the receive antenna. In
addition to the introduction of the load reflectivity, ', and @,
which are similar to that in [28], n;, and ®, are also included
to take into account the effect of the power coupling at the Rx
and the phase shift in the receive antenna. Although 7, and @,
have no significant impacts on the system, they are included to
make the model more realistic. The reference impedance of the
Rx S-parameter block is also equal to 1/G,.

Finally, the complete circuit model of the system, which is
composed of all the above individually constructed models, is
shown in Fig. 4. This model will recover to its original RTD
oscillator, when there is no reflection or no external feedback
in the system. In this case, the RTD will be terminated by a
pure antenna impedance, Zx = 1/(G, + jwCy). In this study,
the model is implemented in a popular RF circuit simulator,
Keysight ADS, for efficiently performing various investigations
on the effect. This is shown in detail in the following section.

D. External Feedback Modeling

In the external feedback effect, due to the superimposi-
tion of the transmitted and reflected THz signals on the RTD
oscillator antenna, the capacitance and conductance of the RTD
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Fig.5. Frequency change as a result of the external feedback effect. The result
is derived based on the constructed model implemented in Keysight ADS.

can be changed periodically. A change in the antenna capac-
itance causes a change in the oscillation frequency, whereas
a change in the antenna conductance causes a change in the
received power and dc current of the RTD oscillator. Among
these changes, the frequency and received power changes
are the dominant parameters for applications such as sensing
and wireless communication. The change in the dc current
is useful for other applications such radar or sensing. In this
section, the dominant factors of the system, which cause fre-
quency, received power, and dc current changes, are clarified
based on the above-constructed model. For this, important cri-
teria, such as the magnitude and rate of the change, should be
defined initially. Here, it should be noted that we only investi-
gated frequency characteristic in [28] due to the simplicity of the
RTD model. This simple RTD with a polynomial current model
and a constant capacitance model could not accurately explain
the power and dc current changes. In the present study, by us-
ing a more complex RTD model, not only frequency but also
power and dc current have been investigated carefully. Fig. 5
illustrates the simulated results for the frequency change under
the external feedback effect. Here, the reflectivity at the Rx and
the Tx is set to 9% and 25%, respectively. It can be observed
that, when the distance between the Tx and the Rx varies from
1 to 5 mm, the frequency changes periodically with a period
of half wavelength, 0.46 mm. The magnitude of the change is
2.5 GHz. There are two asymmetrical rates of change: 36 and
26 GHz/mm. These rates are defined as the derivatives of the
frequency with respect to the distance. This indicates that, if the
distance between the Tx and the Rx varies by only 0.05 mm
or 5.4% of A, where & = 0.93 mm is oscillation wavelength,
the frequency can be changed remarkably by 1.8 and 1.3 GHz,
respectively. The change and change rate will cause serious is-
sues for wireless communication systems using frequency- or
phase-based modulation schemes, such as QAM and QPSK.
On the other hand, they can be utilized to sense the parame-
ters of the system such as the reflectivities at the Tx and the
Rx. This is highly beneficial because, in practice, the system
parameters are difficult to measure. Here, it is to be noted that
the present model is basically different from the analysis in
[28], where the frequency change is governed by a sinusoidal
form; however, in the present model, it can be not only sinu-
soidal, but also asymmetrical, depending on the strength of the
external feedback. This asymmetrical form arises from the dif-
ferent contributions of the reflectivities at the Tx and the Rx of
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Fig. 6. Received power change as a result of the external feedback effect. The
result is derived based on the constructed model implemented in Keysight ADS.
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Fig. 7. DC current change as a result of the external feedback effect. The
result is derived based on the constructed model implemented in Keysight ADS.
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the system or the multireflection, which is ignored in [28]. In
addition to the frequency change, Figs. 6 and 7 describe how
the external feedback causes changes in the received power and
dc current, respectively. Here, the power and current changes
are 1.3 dB and 30 pA, respectively. Although these changes
are relatively small, they are sufficient to affect the system
performance.

1) Frequency Change: Among the system factors, the fre-
quency change should be mainly dependent on the magnitude
of the reflectivity at both the Tx (I's) and the Rx (I'L) and the
power coupling efficiency at the RTD (7s) because these factors
contribute to the external feedback strength of the system. This
is demonstrated in Figs. 8 and 9, which illustrate the change in
frequency with the reflectivities I';, I's, and the power coupling
efficiencies at the Tx (ns) and the Rx (7.), respectively. These
figures show that the change with I'y is largest compared to
those with I's, 15, and 7. This indicates that I'y is the dominant
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Fig. 9. Frequency change as a function of the power coupling efficiencies at
the Tx (ns) and the Rx (nr).
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Fig.11. Frequency change rate as a function of the power coupling efficiencies
at the Tx (ns) and the Rx (nr).

factor for the frequency change. Furthermore, the frequency
change increases on increasing Ry and 7s but on decreasing
I's. This is because increasing I't, and 7g, and decreasing I's
causes the power reflected back to the RTD to increase, result-
ing in strong feedback. Another important point here is that the
change becomes zero if I'L = 7s = 0 and I'; = 1. This is be-
cause, if there is no reflection at the Rx, no power coupled to
free space, or no power reflected back to the RTD, the oscillation
frequency becomes stable.

2) Frequency Change Rate: Similar to the frequency
change, the frequency change rate mainly depends on I'r, I's,
and ns. Figs. 10 and 11 show the impact of the reflectivity (I'L,
I's) and power coupling efficiency (1., ns) on the frequency
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change rate, respectively. These figures indicate that I';, once
again is the dominant factor and 7 is the second dominant fac-
tor. Furthermore, the behavior of these parameters is similar to
that of the frequency change.

In summary, it can be concluded that the frequency change
and frequency change rate are mainly affected by the reflectivity
at the Rx, whereas the power coupling efficiency is the second
dominant factor contributing to these changes.

3) Received Power Change: In this section, the change in
the received power is investigated. It is to be noted that for the
received power, the change is more important than the rate. The
received power change with the distance is illustrated in Figs. 12
and 13. The figures indicate that the reflectivity at the Tx (I's)
is the dominant factor, whereas the power coupling efficiency
at the Tx and the Rx (7, and 7s) has no significant contribution
to the received power change. It can be seen that, when the
reflectivity at the Tx and the Rx reaches 100%, the received
power change becomes zero because, when I'y, = 1, there is
no power received by the load, whereas, when I's = 1, there is
no power radiated to the free space. In addition, when I't, = 0
and 7, = 0, ns = 0, the received power change also becomes
zero. This can be explained as follows: when I'[, = 0, there is
no feedback effect; when n;, = 0, there is no power entering the
Rx; and when ng = 0, there is no signal coupled to free space.

4) DC Current Change: Besides the change in frequency
and power, external feedback also causes the dc current in the
RTD to change due to the change in antenna conductance. The
change in the dc current under the effect of the reflectivity
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Fig. 16.  Simulated oscillation frequency of the RTD and ideal systems.

(I'L, I's) and power coupling efficiency (1, 7s) is shown in
Figs. 14 and 15. It can be seen that all the behaviors of the dc
current change are similar to that of the frequency change mag-
nitude. Here, once again, the dominant factor is the reflectivity
at the Rx (I'p).

From the above discussions, it is obvious that the external
feedback affects not only the frequency, but also the received
power and dc current of the RTD oscillator. However, in a con-
ventional system [29], where an ideal signal source is used,
external feedback can still occur. In such a system, although the
frequency and dc current do not change with the distance, the
received power can still change due to the external feedback
between the Tx and the Rx. This is demonstrated in Figs. 16
and 17, which show the comparison of the external feedback
between an RTD and an ideal system. Here, it is to be noted that
the ideal and RTD systems are identical, except that the ideal
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system uses an ideal signal source instead of using the RTD
source as in the RTD system. The ideal signal source is differ-
ent from that of the RTD source in that its frequency and bias
condition are stable. In the RTD system, it can be observed that
both the frequency and received power can change, whereas
in the ideal system, only the received power changes and its
frequency remains unchanged. This finding is crucial for short-
distance wireless communication because in such applications,
the bit error rate (BER), which is defined as the number of
bit errors per unit time, can be easily changed due to external
feedback. Using the proposed model, the origins of this phe-
nomenon, not only for the RTD system but also for conventional
systems, can be clarified.

III. EXPERIMENTAL VALIDATION
A. Experimental Setup

To validate the accuracy of the constructed model, the exper-
iment depicted in Fig. 18 is set up to measure the changes in the
oscillation frequency, the dc current, and the received power of
an RTD oscillator. An unmodulated THz signal radiated from
the dipole antenna of the RTD oscillator through an Si lens
was received by a circular horn antenna, which is connected
to a commercial mixer system through a WR-2.8 rectangular
metallic hollow waveguide. The received signal was then down-
converted to an intermediate frequency by a commercial mixer
for display on a spectrum analyzer (SA), where the oscillation
frequency and received power were measured. The dc current
was measured on a dc power supply. Here, an RTD of 1.6 um?
in size was connected to a dipole antenna to form a THz os-
cillator. Detailed descriptions of this device are given in [30].
To realize precise measurements and reliable data aggregation,
the step size of the spacing between the RTD oscillator and the
Rx must be considerably smaller than the standing wave period
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Fig. 19. Measured and simulated current—voltage characteristics of the RTD.
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(A0/2), with A, being the THz wavelength. In the measurement,
the step size is set to 0.05 mm, which is approximately Ay/18.
This is sufficient to achieve precise and reliable data aggrega-
tion. In addition, when the THz beam reaches the horn antenna
of the mixer system, complex reflection can occur at the horn
antenna edge and flange owing to their complex metallic struc-
ture [32]. Hence, an absorber was used to suppress this complex
reflection, resulting in clean measured data.

B. DC and RF Characteristics

The measured dynamic and modeled static current—voltage
characteristics of the RTD are shown in Fig. 19, and its measured
and modeled oscillation frequency are depicted in Fig. 20. In
the negative differential resistance (NDR) region, the measured
current—voltage deviates from the simulated one because in this
region, the RTD oscillates, rendering it impossible to measure
the static values [31]. Excellent agreement between the model
and measurement is clearly observed, validating the model in
terms of both the dc and RF characteristics. It is worth noting that
while the simple RTD model in [28] has a constant capacitance
model, the present study employs a complex RTD model with a
voltage-dependent capacitance model. This causes both the dc
and RF characteristics to be fitted well with measurements in
the entire bias range, as shown in Figs. 19 and 20.

C. External Feedback Effect

After the dc and RF validation, the model is validated for the
external feedback in this section. In the present study, frequency,
power, and dc current changes by the external feedback were
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experimentally validated. This contrasts to the result presented
in [28], where only frequency characteristic was validated with
measurement. The following realistic parameters should be used
in the model: the power reflectivity outside the Si lens surface
is 2 = 30% owing to the reflection at the boundary of two
materials having different refractive indices (3.4 of Si and 1
of air); the phase of the reflectivity outside the Si lens sur-
face should be 7 owing to the phase change at the reflective
boundary. The other parameters, including the reflectivity at the
horn antenna, the power coupling efficiency at the oscillator and
horn antenna, the power loss due to misalignment, absorption,
and polarization, and the phase shift in the Si lens, are the fit-
ting parameters. The validation for external feedback is shown
in Figs. 21-23. Here, the fitting parameters are ®g; = 1.45m,
I'? = 7%, ns = 42%, and o = 30%. Good agreement between
the modeled and measured data can be observed in these figures.
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Although the changes in the power and dc current are relatively
small, the model can still well describe these changes. There
is some deviation between the simulated and measured results
because of the imperfection in dc and RF fitting parameters
of the RTD model. Here, it is to be noted that the changes in
the power and dc current are measured simultaneously with the
change in frequency. This demonstrates that the model succeeds
in describing the feedback effect of the system. In the follow-
ing section, the causes for the change in the BER of a wireless
communication system are specified, based on the constructed
model. As discussed in Section II-D, in proximity wireless com-
munication, one of the important issues is the periodical change
of the BER with the distance between the Tx and the Rx due
to the external feedback effect. This change will degrade the
quality of communication. Therefore, determining the origins
of this change becomes critical.

IV. APPLICATION DEMONSTRATION
A. Wireless Communications

Figs. 24 and 25 show the experimental setups for measure-
ment of BER and received power, respectively. In the BER
measurement setup, the Tx was the RTD, while the Rx used a
commercial Virginia Diodes, Inc. Schottky barrier diode (SBD).
The BER is measured using a BER Tester (BERT), an instru-
ment used for testing the BER, after the baseband signal was
passed through a low-noise amplifier (LNA) with a power gain
of 50 dB and a limiting amplifier for shaping the signal. In the
detected power measurement setup, the RTD Tx was used but
without the pulse pattern generator (PPG), while in the Rx side,
an SBD was used to detect the received power from the Tx,
and the detected power was then displayed on a SA. Fig. 26
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shows the measured results for the BER and detected power of
the system. In the BER measurement, the baseband signal had
a data rate of 1 Gb/s, with the power of 7 dBm. The RTD was
biased in the NDR region with a bias voltage of —519.5 mV.
In the detected power measurement, a sinusoidal signal with
frequency of 1 GHz was directly modulated in the RTD. Here,
the RTD was again biased in the NDR region. From the fig-
ure, it can be clearly seen that the received power and BER
periodically change with the distance between the Tx and the
Rx due to the external feedback. Moreover, a theoretical re-
ceived power curve using the Friis transmission equation is also
shown in the figure to determine the near field and far field of
the communications. When calculating the received power us-
ing the Friis transmission equation [33], the gain of the transmit
system was 20 dBi, whereas that of the receive antenna was
23 dBi. These values were evaluated by electromagnetic field
simulation. As can be seen in the figure, the near-field commu-
nication, in this case, is determined within a distance of 7 mm.

In this region, when the received power is maximal, the BER
becomes minimal. In addition, the BER decreases with the in-
crease in detected power. The far-field communication is defined
by fitting the detected power curve with the Friis transmission
equation. From these discussions, it can be concluded that the
received power should be the dominant factor that causes BER
fluctuation. To demonstrate the validity of this conclusion, the
detected power and BER are calculated using the following
formula [32], [34]:

Pmax
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Py is calculated based on the Fabry—Pérot’s etalon theory,
whereas the BER is calculated with the assumption that the
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simple ON—OFF keying modulation scheme is used in the present
system. In these formulas, P, and A are the maximum detected
power and wavelength, respectively. L is the mirror spacing
and R is the effective reflectivity. The calculated results in
Figs. 27 and 28 are obtained using the following parameters:
BER; = 107%, Rer = 0.2, A = 1 mm, and Py, = —26 dBm.
The calculated and measured results for BER and detected
power are shown in Figs. 27 and 28, respectively. Both the
calculations and measurements indicate that the changes in the
BER and received power are out of phase. Moreover, the calcu-
lated magnitude of the detected power and the BER is consistent
with the measured ones in the near field. It is important to note
that there is certain deviation between the simulated and calcu-
lated detected power, and this is attributed to the misalignment
between the RTD Tx and the SBD Rx. Nevertheless, the above
discussions verify the conclusion in Section II-D that the de-
tected power is the dominant factor in BER fluctuation. This
finding can assist in proposing solutions for suppressing the ex-
ternal feedback by considering receive antenna design for low
reflection.

V. CONCLUSION

In this paper, a complete system model is developed for de-
scribing the external feedback effect in an RTD oscillator. The
modeled results agree well with the experimental ones not only
for the change in the oscillation frequency, but also for those in
the received power and dc current. The frequency change, the
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frequency change rate, and the dc current change are mainly
affected by the reflectivity at the Rx. The change in the received
power is mainly due to the reflectivity at the Tx. The model
is used to demonstrate a possible application in THz proximity
wireless communication. Using the model, the origin of the BER
change with the distance is determined to be due to the received
power change. Thus, a stable THz wireless communication sys-
tem can be designed using the proposed model. Moreover, by
sensing system properties such as the reflectivities at the Tx
and the Rx, the model can be used in THz sensing applications.
Finally, the ability to model the change in the dc current of the
system can be utilized for THz short-range radar applications.
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