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ABSTRACT The paper investigates the terahertz performance of a mutually injection-locked multi-element
high electron mobility avalanche transit time (HEM-ATT) source based on AlGaN/GaN two-dimensional
electron gas (2-DEG). Utilizing a nanostrip patch type planar coupling circuit, mutual injection locking
between adjacent elements is achieved. The paper provides a comprehensive analysis of the integrated power
combining technique in the mutually injection-locked multi-element HEM-ATT oscillator. A ten-element
mutually injection-locked integrated power combined source is designed for operation at 1.0 THz, and
simulation studies are conducted to examine its DC, large-signal, and avalanche noise characteristics. The
capability of generating a narrow-band terahertz wave is verified by introducing various levels of structural
mismatches between the elements. Results indicate that the ten-element HEM-ATT oscillator can deliver
2.27 W peak power with a 17% DC to THz conversion efficiency at 1.0 THz. The average noise measure
of the oscillator is found to be 12.54 dB. Additionally, the terahertz performance of the mutually injection-
locked ten-element HEM-ATT oscillator is compared with other state-of-the-art THz sources to evaluate its
potentiality as an excellent integrated THz radiator.

INDEX TERMS 2-DEG, AlGaN/GaN, coupling circuit, HEM-ATT, injection locking, monolithic integra-
tion, power combination, terahertz.

The associate editor coordinating the review of this manuscript and

approving it for publication was Rahul A. Trivedi .

I. INTRODUCTION
The terahertz (THz)-gap (0.3 – 10.0 THz), which is a sig-
nificant portion of the THz frequency range has attracted
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considerable attention in the past few decades due to its
extensive potential applications in various fields such as
pharmaceuticals, biomedical engineering, industrial quality
inspection, wireless communication, and more [1], [2], [3],
[4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15].
Recently, Quantum Cascade Lasers (QCLs) have addressed
the upper part of the THz spectrum, providing coher-
ent, high-power light waves at room temperature [16],
[17], [18], [19]. Concurrently, on the lower frequency side,
solid-state electron devices operating at room temperature,
including Resonant Tunneling Diodes (RTDs), Heterojunc-
tion Bipolar Transistors (HBTs), High Electron Mobility
Transistors (HEMTs), and have emerged to fill this tech-
nological gap [20], [21], [22], [23], [24], [25], [26], [27],
[28], [29]. However, these devices suffer from limited radi-
ated power (a few microwatts), disqualifying them for many
THz applications. To overcome this limitation, power com-
bination through array configurations of these devices has
been explored. However, achieving constructive and sus-
tained power combination requires mutual injection locking
between oscillation elements, demanding synchronized fre-
quency and stable phase relations [30], [31], [32]. Injection
locking is a technique where an oscillator’s frequency is
stabilized by an external signal [33]. Since its application to
IMPATT (Impact Avalanche and Transit Time) oscillators,
this method has undergone significant advancements. Injec-
tion locking has evolved significantly since its inception in
the early 20th century, transforming IMPATT oscillators from
noisy, unstable devices to precise, reliable frequency sources.
Numerous theoretical studies and experimental demonstra-
tions of injection locking of solid-state oscillators were
reported from the late 1960s to the mid-1970s [34], [35],
[36]. In 1977, Okamoto et al. experimentally demonstrated
a novel method of injection locking, using a low-frequency
injection signal to lock a high-frequency solid-state oscilla-
tor [37]. Their method proved more effective in achieving
a significantly wider locking bandwidth compared to the
conventional subharmonic injection lockingmethod. In 1978,
Forrest et al. developed a large-signal theory of optical injec-
tion locking in IMPATT oscillators [38]. The 1980s saw
significant research efforts focused on injection locking of
solid-state oscillators [39], [40]. In 1991, Elad et al. reported
a significant work on injection locking of IMPATT oscil-
lators, where they experimentally demonstrated a W-band
(75 – 110 GHz) pulsed IMPATT oscillator injection locked
to a continuous wave GUNN oscillator, achieving a high-
power source with reasonably low noise in the millimeter-
wave (mm-wave) frequencies [41]. Due to its extensive use
in stabilizing low-noise solid-state oscillators operating in
microwave, mm-wave, and THz regimes, injection locking of
solid-state oscillators continues to attract research attention
till date [42], [43], [44].

Within the realm of solid-state THz sources, impact
avalanche transit time (IMPATT) diodes, utilizing wide-
bandgap materials such as SiC and GaN, have demonstrated
notable prowess in terms of high THz power delivery and

efficient DC to THz conversion [45], [46]. The GaN, owing
to its exceptional thermal and electronic characteristics,
stands out as particularly well-suited for the development
of high-power and high-efficiency THz IMPATT sources.
Nevertheless, the conventional vertical IMPATT structures
(single-drift (SD) and double-drift (DD) region structures)
face a noteworthy obstacle due to the elevated contact resis-
tivity of the metal∼p+-GaN ohmic contact, thereby imposing
limitations on their performance within the THz frequency
range [47], [48]. The edge-terminated reverse IMPATT struc-
ture and Schottky barrier IMPATT structure have been pro-
posed as alternatives, with the latter recommended to avoid
parasitic effects [49], [50]. The integration of HEMT struc-
tures based on AlGaN/GaN 2D-electron Gas (2-DEG) with
Schottky barrier avalanche transit time (ATT) structures has
been explored to leverage the THz potentialities of both struc-
tures [51]. Recent work by Khan et al. demonstrated a quasi-
Read Schottky barrier lateral HEM-ATT structure capable of
generating 1.0 THz frequencies [52]. This lateral orientation
offers advantages in terms of monolithic integration using
complementary metal–insulator–semiconductor (CMOS)
technology. The suggested HEM-ATT configuration demon-
strates enhanced THz power output and efficiency in contrast
to regular THz DDR IMPATT structures. Through the lateral
integration of numerous HEM-ATT diodes, it becomes feasi-
ble to establish an oscillator array on a monolithic integrated
circuit, thereby creating a broadband THz source. Further-
more, the inclusion of a third terminal (gate) positioned
over the AlGaN layer facilitates direct modulation of power
and frequency by an externally applied signal, imparting
versatility to the structure for a range of applications.

A notable development is the power-combined Graphene
Nanoribbon (GNR) based IMPATT oscillator proposed by
A. Acharyya in 2020, achieving high-power delivery in the
order of milli-watts at 1.0 THz [53]. In this context, our paper
introduces a mutually injection locked multi-element HEM-
ATT source, connecting the HEM-ATT elements parallelly
in power-combined mode. Recognizing the challenges of
fabricating exactly identical diodes, mutual injection lock-
ing is proposed via a planar circuit-based coupling between
successive elements. This paper presents an analysis of the
suggested mutual injection-locked multi-element HEM-ATT
source, starting with a two-element coupled oscillator analy-
sis. The subsequent sections extend this analysis to coupled
multi-element oscillators, considering structural mismatches
between the elements. Conducting simulations and compar-
ing the results with both simulation and experimental data
from various THz IMPATT sources validate the superior
performance of the proposed source, particularly within the
THz frequency bands.

II. STRUCTURE AND FABRICATION
The mutually injection locked multi-element HEM-ATT
source structure is characterized by its intricate design,
as depicted in Figures 1(a) and 1(b) for the cross-sectional
front view and top view, respectively. These figures illustrate

VOLUME 12, 2024 123657



P. Banerjee et al.: Mutually Injection Locked Multi-Element Terahertz Oscillator

FIGURE 1. Cross-sectional (a) front and (b) top views of mutually injection locked six-element HEM-ATT oscillator structure.

a six-element HEM-ATT structure due to space constraints in
the enlarged views. However, it’s crucial to note that the final
design and investigations are conducted for a ten-element
HEM-ATT structure, as detailed in Table 1. To achieve the
desired material properties, the mole fraction of aluminum
(Al) in the AlxGa1−xN layers is set to x = 0.2. The fab-
rication process begins with a 400 nm thick, double-side
polished n-GaN substrate with a diameter of 4 inches. The

high-temperature metal-organic chemical vapour deposition
(MOCVD) technique can be employed to grow the device
structure on the n-GaN substrate with a doping concentration
of 1023 m−3. The growth sequence starts with a 350 nm
thick undoped GaN buffer layer at 1300◦C, followed by a
temperature reduction to 1180◦C for the deposition of a 20 nm
thick unintentionally doped Al0.2Ga0.8N barrier layer. Then a
Si3N4 hard mask layer must be grown on the top layer using
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TABLE 1. Design parameters of mutually injection locked ten-element (N = 10) HEM-ATT Oscillator.

plasma-enhanced chemical vapour deposition (PECVD). The
device patterns can be transferred to the mask layer through
standard photolithography and reactive ion etching (RIE) pro-
cesses. Subsequently, the fabrication process involves a series
of steps, including the etching of trenches on the Al0.2Ga0.8N
barrier layer, the deposition of an n+-GaN cathode con-
tact layer (Si dosage: 2.0 × 1024 m−3), and the deposition
of Schottky anode (Ni(30nm)/Au400(nm)), Ohmic cathode
(Ti(30nm)/Au(200nm)), and coupling circuit (Al (100nm)).
This process requires five successive Si3N4 hard masking,
photolithography, and RIE steps. Then the wafer must be
flipped, and a thermal evaporation process must deposit
an 80 – 100 nm thick layer of aluminum to prepare the
ground plane. The implementation of a Cu-based vertical

interconnect is required between the ground plane and anode.
This can be achieved through copper-filled interchip vias
using Cu-CVD, following the MOCVD TiN diffusion barrier
process detailed in ref. [54]. The proposed structure can be
successfully fabricated using the outlined process flow, pro-
viding a foundation for the realization of a mutually injection
locked multi-element HEM-ATT oscillator.

III. MODELING AND SIMULATION OF DEVICE AND
COUPLING CIRCUIT
The Silvaco-ATLAS platformwas utilized to perform steady-
state DC simulations of a single HEM-ATT device [52].
To determine the steady-state output parameters of the HEM-
ATT device at a specific current density, a time-independent
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Poisson equation, carrier continuity equations, and current
density equations were solved, accounting for appropri-
ate boundary conditions. The simulations assumed that the
device’s junction temperature equaled the ambient tempera-
ture (300 K). The 2-DEG electron density was determined
by utilizing information about the sheet charge density
induced from polarization [55]. In the computation of the
polarization-induced 2-DEG electron density, the influence
of AlGaN/GaN interface charges was taken into account. The
maximum sheet carrier density at the undoped AlGaN/GaN
interface is articulated as follows:

ns (x) =
+σ (x)
q

−

(
ϵ0ϵr (x)
haq2

)
[q8b (x) + EF (x) − 1Ec (x)] , (1)

where ha signifies the AlGaN layer thickness, σ represents
the concentration of sheet charge induced through polariza-
tion, ϵr (x) denotes spatially varying relative permittivity, ϵ0
is the permittivity in vacuum (8.854 × 10−12 F m−1), q is the
electron charge (1.6 × 10−19 C), EF is the Fermi level, 1E
is the conduction-band offset, and q8b is the Schottky barrier.
The thickness of the AlGaN layer significantly influences
the local maximum sheet carrier density at the AlGaN/GaN
interface [56], [57], [58]. HEM-ATT devices illustrated in
Figure 1(a) exhibit classical SDR density profiles in 2-DEG
channel due to trenches at two positions: trench – 1 at the
cathode-side and trench – 2 at the anode-side [52]. Figure 2
(a) depicts a low-high-low (lo-hi-lo) 2-D model for simulat-
ing the lo-hi-lo HEM-ATT structure, with regions 1, 2, 3, and
4 corresponding to the GaN buffer, AlGaN barrier layers,
Si3N4 passivation layer associated with the anode-side, and
cathode-side, respectively.

After a successful steady-state (DC) simulation at a spe-
cific current density value (J0), the resulting DC parameters,
including avalanche width, drift width, avalanche voltage,
drift voltage, breakdown voltage, etc., were extracted and
recorded. These DC parameters served as initial condi-
tions for subsequent large-signal simulations at the same
J0 value. A non-sinusoidal-voltage-excited (NSVE) large-
signal (L-S) model, detailed in reference [59], was utilized
for the large-signal simulation. Outcomes of the L-S analysis
corresponding to the given J0 were pulled out and kept.
Key L-S parameters included time-domain voltage and cur-
rent waveforms, frequency domain representations of those,
and additional metrics like diode impedance, resistance,
reactance, and parasitic series resistance, all expressed as
functions of frequency (f ) and J0. Subsequently, the J0 value
was updated, initiating an iterative process that continued
until the steady-state analysis failed to converge. This itera-
tive approach was employed to comprehensively characterize
the complete THz performance of the diode structure across
the full frequency spectrum [52].
The coupling circuits can be established through planar

nanostrip lines. Each nanostrip facilitates a coupling between
the cathode-side edge of one diode and the anode-side edge of

the next diode. The dimensions of the coupling circuit com-
ponents (LC1, LC2, SC1, SC2,WC1,WC2, TC1, TC2, dC1, dC2,
gC1, and gC2), illustrated in Figures 1 (a) and (b), need careful
design. They should enable a portion of the induced high-
frequency current from the cathode-side of the first diode to
seamlessly transfer to the anode-side of the second diode via
the coupling circuit, maintaining the current’s phase angle.
This coupling process extends from the second diode to the
third diode, and so forth. The nanostrip line’s ground plane
must be connected to the common anode through the vertical
interconnection, as depicted in Figure 1 (a). The design and
extraction of values for the equivalent RLC model parame-
ters in the coupling circuits were executed using Advanced
Designing System (ADS) software. Figure 2 (b) illustrates
the external high-frequency equivalent circuit model of the
mutually injection lockedN -element HEM-ATT source oper-
ating under free oscillating conditions. In this representation,
Z (i,i+1)
C for all i from 1 to (N – 1) signifies the equivalent

impedance of the coupling circuit between the ith and (i +

1)th diodes. Here, I0 denotes the total bias current, and vTHz(t)
acts as a voltage source connected in parallel to the oscillator
through capacitive coupling. This voltage source represents
the THz voltage across the diodes during stable oscillation.
It is evident that the HEM-ATT diodes cannot be entirely

identical, as some degree of mismatch in either dimension or
doping is inherent. Consequently, the breakdown voltages of
different HEM-ATTs are expected to vary slightly. However,
the parallel operation of these diodes remains unaffected by
the mismatch in breakdown voltage (VB). The VB exhibits
a positive temperature coefficient. Consequently, during the
initial moments of oscillation, the diode with the lowest VB
dissipates all the power. This leads to the heating of that diode,
causing an increase in its VB, enabling the next diode to break
down, and so forth. The transient period, spanning a duration
of a few nanoseconds (ns), concludes as all diodes undergo
breakdown, leading to a distinctive voltage drop across the
parallel system in the state of stable oscillation [60].
The overall oscillator circuit’s equivalent circuit is depicted

in Figure 2 (c). The impedance of the ith diode (Z (i)
d , i ∈

{1, 2, 3, . . . , (N − 1)}) can be derived from 1-D self-
consistent quantum drift-diffusion (SCQDD) simulations as
previously documented [61], [62]. This diode impedance can
be decomposed into resistance (R(i)

d ) and reactance (X (i)
d ),

both highly dependent on the J0. The diode impedance is
divided into M segments linked in series (Z (i)

d(k) = R(i)
d(k) −

X (i)
d(k); i ∈ {1, 2, 3, . . . ,N } , k ∈ {1, 2, 3, . . . ,M}). Utilizing

SCQDD simulation [48], the spatial distributions of negative
resistance and capacitive reactance per unit length for a spe-
cific diode can be determined. In Figure 2 (d), a schematic
is presented to illustrate the calculation approach for the
impedance of a typical diode (such as HEM-ATT (1)), based
on the spatial distributions of diode resistance and reactance
per unit length (i.e. R

(1)
d (x) vs. x and ℵ

(1)
d (x) vs. x) for

M = 3. The entire active region of the diode (Ld ) is partitioned
into three equal regions (from x = x(1) to x = x(2), from x =
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FIGURE 2. (a) 2-D model depicting the lo-hi-lo HEM-ATT structure, (b) external high-frequency equivalent circuit model, (c) equivalent
circuit of the mutually injection locked N-element THz HME-ATT source under free oscillating condition, and (d) diagram depicting the
approach for computing diode impedance using spatial distributions of diode resistance and reactance per unit length.

x(2) to x = x(3) and from x = x(3) to x = x(4)). The negative
resistance and capacitive reactance of the ith diode’s k th active
region are calculated as follows:

R(i)
d(k) =

∫ x=x(k+1)

x=x(k)
R

(i)
d (x) dx, and X (i)

d(k)

=

∫ x=x(k+1)

x=x(k)
ℵ

(i)
d (x) dx. (2 (a) & (b))

The cathode-side series resistance (R(i)
C ) due to un-swept

depletion layer, n+-GaN layer, and n+-GaN∼metal ohmic
contact resistance, along with the anode-side series resistance
(R(i)

A ) due to the Schottky barrier, are computed using a

L-S simulation technique based on depletion width modu-
lation phenomena under oscillating conditions [59]. Shunt
capacitances (C(1)

a(i) = 1Q(i)
/
1V (i), i = 1, 2, and 3)

are determined from the electric charge and potential dis-
tributions along the active region obtained through SCQDD
simulation [61]. These computations can be expanded for
M values greater than three (3), ensuring a high degree
of precision. Following this, the equivalent coupling circuit
parameters, including series capacitances ((C(i,i+1)

C(K ) ,C(i,i+1)
C(A) ),

series inductance (L(i,i+1)), series resistance (R(i,i+1)
L ),), and

shunt capacitances (C(i,i+1)
Ca(k) , k = 1, 2, and 3) between the ith

and (i+ 1)th diodes (for i values from 1 toN ), are derived from
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simulations in the ADS software, as previously mentioned.
Table 1 furnishes a comprehensive compilation of all the
design parameters for the 1.0 THz mutually coupled ten-
element HEM-ATT source.

IV. MUTUALLY INJECTION LOCKED N-ELEMENT
HEM-ATT OSCILLATOR
Before delving into the analysis of the mutually injection
locked multi-element (N -number of HEM-ATTs) HEM-ATT
oscillator, it is essential to consider the mutual coupling
between two HEM-ATT sources. The reduced equivalent
circuit of the 2-element oscillator is depicted in Figure 3 (a).
For simplicity, shunt capacitances (C(1,2)

ca(1),C
(1,2)
ca(2), and C

(1,2)
ca(3))

associated with the coupling circuit are neglected due to
the substantial thickness of the insulating layer between
the coupling circuit and the ground plane ((tOX + tbuff ) >

0.4 µm). The equivalent circuit of HEM-ATT (1) comprises
four main elements:

(i) Anode contact resistance (R(1)
A ) due to the Schottky

barrier.
(ii) Cathode-side parasitic series resistance (R(1)

C ) arising
from the un-swept depletion layer, n+-GaN layer, and n+-
GaN∼metal ohmic contact resistance.

(iii) Series impedance components related to the device’s
active layer (Z (1)

d(i) = R(1)
d(i) − X (1)

d(i), where X
(1)
d(i) = j

/
ωC(1)

d(i),
and i ∈ {1, 2, 3, . . . ,M}.

(iv) Shunt capacitances associated with the device’s active
layer (C(1)

a(i), where i= 1, 2, 3, . . . .,M ).

The Z (1)
d(i) and C

(1)
d(i) are computed for three equal sections

of the device’s active layer using the high-frequency simu-
lation method [61]. Increasing the value of ‘M ’ introduces
complexity in circuit analysis, but for M = 3, the change in
Z (1)
d(i) and C(1)

d(i) remains within 1 – 3%. This choice (M =

3) minimizes complexity without significantly affecting the
accuracy of calculations. From Figure 3 (a), the equivalent
impedance of HEM-ATT (1) without R(1)

C is derived as [53]:

Z (1)
d

=

{(
C(1)
a(2)Z

(1)
d(1)

jωC(1)
a(1)C

(1)
a(2)Z

(1)
d(1) + C(1)

a(1) + C(1)
a(2)

)

+

[
jωC(1)

a(3)Z
′

2Z3

jωC(1)
a(3)

(
Z ′

2 + Z3
)
+ 1

]
+

[
jωC(1)

a(4)Z
′

5Z6

jωC(1)
a(4)

(
Z ′

5 + Z6
)
+ 1

]

+

(
Z ′

8Z9
Z ′

8 + Z9

)}
, (3)

where

Z ′

2=


(
jωC(1)

a(1)C
(1)
a(2)Z

(1)
d(1)+C

(1)
a(1)+C

(1)
a(2)

)
Z (1)
d(2)+C

(1)
a(2)Z

(1)
d(1)(

jωC(1)
a(1)C

(1)
a(2)Z

(1)
d(1)+C

(1)
a(1) + C(1)

a(2)

)
 ,

and Z3=

 1

jω
(
jωC(1)

a(1)C
(1)
a(2)Z

(1)
d(1) + C(1)

a(1) + C(1)
a(2)

)
 .

(4 (a) & (b))

Expressions for Z5,Z ′

5,Z8 and Z
′

8 in equation (3) are obtained
from:

Zi =


Z ′

i−3[
jωC(1)

a
(
3+
{
i−5
3

}) (Z ′

i−3 + Zi−2
)
+ 1

]
 ,

and

Z ′
i =



[
jωC(1)

a
(
3+
{
i−5
3

}) (Z ′

i−3 + Zi−2
)
+ 1

]
Z (1)
X + Zi[

jωC(1)

a
(
3+
{
i−5
3

}) (Z ′

i−3 + Zi−2
)
+ 1

]
 ,

(5 (a) & (b))

with i = 5 and 8, where Z (1)
X = Z (1)

d(3) for i = 5 and Z (1)
X =

R(1)
A for i= 8. Similarly, Z6andZ9 in equation (3) are obtained

from:

Zj =


Zj−3[

jωC(1)

a
(
3+
{
j−6
3

}) (Z ′

j−4 + Zj−3

)
+ 1

]
 ,

for j = 6 and j = 9. (6)

Proceeding in the similar way, the equivalent impedance
of the HEM-ATT (2), i.e. Z (2)

d without R(2)
A can be obtained.

Once both Z (1)
d and Z (2)

d are obtained, those can be resolved
into real negative resistance (R(m)

d , where m = 1, 2) and
imaginary capacitance (C(m)

d , where m = 1 and 2); thus the
equivalent impedance of HEM-ATT (m) can be expressed
as Z (m)

d = R(m)
d − j

/
ωC(m)

d , where m = 1 and 2. Now
the simplified equivalent circuit of the 2-element HEM-
ATT oscillator involving R(1)

C , Z (1)
d , Z (2)

d , R(2)
A , and the

coupling circuit comprises of series connected resistance
(R(1,2)

L ), inductance (L(1,2)) and capacitance (C(1,2) =

C(1,2)
C(K )C

(1,2)
C(A)

/(
C(1,2)
C(K ) + C(1,2)

C(A)

)
) is shown in Figure 3 (b).

The 2-port model of the oscillator and its Z -parameter equiv-
alent are depicted in Figures 3 (c) and (d). The said 2-port
network consists of port: 1 − 1′ and port: 2 − 2′. The
Z -parameters associated with the 2-port network can be
expressed as:

Z11 (ω) =

(
R(1,2)
L + R(2)

s(p)

)
+ j

(
ωL(1,2)

−
1

ωC(1,2) −
1

ωC(1)
d

)
, (7)

Z12 (ω) = Z21 (ω) = R(1,2)
L + j

(
ωL(1,2)

−
1

ωC(1,2)

)
, (8)

Z22 (ω) =

(
R(1,2)
L + R(1)

s(n)

)
+ j

(
ωL(1,2)

−
1

ωC(1,2) −
1

ωC(2)
d

)
. (9)
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FIGURE 3. (a) Reduced equivalent circuit, (b) simplified equivalent circuit, (c) 2-port network model of the mutually injection locked
2-element HEM-ATT oscillator, and (d) Z-parameter equivalent of the 2-port network.

Due to the reciprocal nature of the two-port network,
the transfer impedances are equal, i.e. Z12 (ω) = Z21 (ω).
Now, the matrix form of the two-port network equations in
frequency-domain can be written as:(Z11 − R(1)

d

)
Z12 (ω)

Z12
(
Z22 − R(2)

d

)[ I1
I2

]
=

[
V1
V2

]
,

(10 (a) & (b))

where the oscillation voltage at port 1 − 1′ and port 2 − 2′

are identical, i.e. V1 (ω) = V2 (ω) = V (1,2)
THz (ω), which is the

THz oscillating voltage across the two-element oscillator.
If the HEM-ATT (1) is solely operated, i.e. when I2 = 0, then
equation (10 (a)) can be written as:(

R(1,2)
L + R(2)

A − R(1)
d

)
I1 (ω)

+ j

(
ω(1)L(1,2)

−
1

ω(1)C(1,2) −
1

ω(1)C(1)
d

)
I1 (ω)

= V (1)
THz (ω) , (11)

where ω(1) and V (1)
THz (ω) are the oscillation frequency and

voltage of the standalone HEM-ATT (1). Similarly, if the

HEM-ATT (2) is solely operated, i.e. when I1 = 0, then
equation (10 (b)) can be written as:(

R(1,2)
L + R(1)

C − R(2)
d

)
I2 (ω)

+ j

(
ω(2)L(1,2)

−
1

ω(2)C(1,2) −
1

ω(2)C(2)
d

)
I2 (ω)

= V (2)
THz (ω) , (12)

where ω(2) and V (2)
THz (ω) are the oscillation frequency and

voltage of the standalone HEM-ATT (2). The imaginary
parts of the left-hand and right-hand sides of the equa-
tions (11) and (12) can be equated to obtain ω(1) and ω(2)

respectively. Those are given by:

ω(m)
=

(
C(1,2) + C(m)

d

L(1,2)C(1,2)C(m)
d

) 1
2

, (13 (a) & (b))

where m = 1, 2. Now, the transformation of equa-
tions (11) and (12) into time-domain from frequency-domain
can be obtained by substituting jωIm (ω) ≡ dim (t)

/
dt and

V (m)
THz (ω) ≡ v(m)

THz (t), where m = 1 and 2. The matrix form of
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those time-domain equations can be written as:
(
R(1,2)
L + R(2)

A − R(1)
d

) (
L(1,2) −

1
ω2C(1,2) −

1
ω2C(1)

d

)
(
R(1,2)
L + R(1)

C − R(2)
d

) (
L(1,2) −

1
ω2C(1,2) −

1
ω2C(2)

d

)


[
di1(t)
dt

di2(t)
dt

]
=

[
v(1)rf (t)

v(2)rf (t)

]
, (14 (a) & (b))

where form= 1 and 2, oscillation voltage for each standalone
oscillator can be expressed as a no-sinusoidal voltage form
given by [59]:

v(m)
rf (t) = V (m)

B

∑r

s=1
(mx)r sin (sωt), (15)

where mx is the voltage modulation index and V (m)
B are the

DC voltage drop across individual standalone oscillators (s
= 1 corresponds to the fundamental frequency of oscillation,
and s= r is corresponding to the r th harmonic component)
[59]. The numerical solutions to the differential equations
presented in equations (14 (a) & (b)) yield the time-domain
currents (i1(t) and i2(t)) for the individual standalone oscil-
lators. Due to the adoption of a numerical approach, the
continuous-time current signal (im(t), where m ∈ {1, 2} and
t ∈ (0, ∞)), is subsequently discretized into a discrete-time
signal im(t), where k ∈ {1, 2, 3, . . . (U − 1)} (considering U
as the count of time instances under consideration). Conse-
quently, the THz power radiated by the standalone HEM-ATT
(m) can be determined using the following expression:

P(m)
THz =

∣∣∣R(m)
d

∣∣∣ lim
U→∞

(
1
U

)∑U−1

k=0
|im (k)|2 , (16)

where m = 1, 2. If HEM-ATT (1) and HEM-ATT (2) operate
concurrently, the voltage drop across them will be identi-
cal. This similarity arises from the earlier discussion and
is attributed to their parallel operation. Consequently, equa-
tions (10 (a) & (b)) are simplified into the ensuing matrix
form (17 (a) & (b)), as shown at the bottom of the next page.

The oscillation frequency of the 2-element oscillator can
be obtained by equating the imaginary part of the coeffi-
cient determinant of equations (17 (a) & (b)) to zero, i.e.
Imag (1Z ) = 0. Therefore, under the mutually injection
locked oscillation condition, the oscillation frequency of the
two-element oscillator can be obtained as:

ω(1,2)

=


1

C(1)
d

(
R(1)
C −R(1)

d

)
+

1
C(2)
d

(
R(2)
A −R(2)

d

)
+R(1,2)

L

(
1

C(1)
d

+
1

C(2)
d

)
L(1,2)

(
R(1)
C +R(2)

A − R(1)
d − R(2)

d

)
−

(
1

L(1,2)C(1,2)

)}
. (18)

By transforming equations (17 (a) & (b)) into time-domain,
the following two differential equations can be obtained:

A1
di1 (t)
dt

+ B1i1 (t) + D1
di2 (t)
dt

+ E1i2 (t) = V1, (19)

A2
di2 (t)
dt

+ B2i2 (t) + D2
di1 (t)
dt

+ E2i1 (t) = V2, (20)

where

A1 =

(
L(1,2)

−
1

ω2C(1,2) −
1

ω2C(1)
d

)
,

A2 =

(
L(1,2)

−
1

ω2C(1,2) −
1

ω2C(2)
d

)
,

B1 =

(
R(1,2)
L + R(2)

s(p) − R(1)
d

)
,B2 =

(
R(1,2)
L + R(1)

s(n) − R(2)
d

)
,

D1 = D2 =

(
L(1,2)

−
1

ω2C(1,2)

)
,

E1 = E2 = R(1,2)
L , and V1 = V2

= VB
r∑
s=1

(mx)r sin (sωt).

Employing the Runge-Kutta technique to simultaneously
solve the two aforementioned differential equations yields
discrete solutions for i1(k) and i2(k), where k = 0, 1, 2, 3,
. . . .. . . . . . ., (U – 1). Consequently, the overall THz power
emitted by the mutually synchronized HEM-ATT (1) and
HEM-ATT (2) sources can be determined from:

P(1,2)
THz =

2∑
m=1

[∣∣∣R(m)
d

∣∣∣ lim
U→∞

(
1
U

)∑U−1

k=0
|im (k)|2

]
. (21)

Following the derivation of the fundamental time-domain
equations for the 2-element oscillator (specifically, equa-
tions (19), (20)), the foundational time-domain equations
for a multi-element injection locked oscillator can be estab-
lished. Extending from equations (19) and (20) designed for
the 2-element injection locked oscillator, the fundamental
equations for an N -element coupled oscillator system can be
formulated as:

diag (A1,A2, . . . ..,AN )
d |i⟩
dt

+ diag (B1,B, . . . ..,BN ) |i⟩

+ D
d |i⟩
dt

+ E |i⟩ = |V ⟩ , (22)

where

|i⟩ =


i1 (t)
i2 (t)
i3 (t)

...

iN (t)

 , |V ⟩ =


V1
V2
V3
...

VN

 ,

Vi = VB
r∑
s=1

(mx)r sin (sωt)∀i ∈ [1,N ] ,

diag (A1,A2, . . . ..,AN ) =


A1 0 0 . . . 0
0 A2 0 . . . 0
0 0 A3 . . . 0
. . . . . . . . . . . . . . .

0 . . . . . . 0 AN

 ,
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diag (B1,B, . . . ..,BN ) =


B1 0 0 . . . 0
0 B2 0 . . . 0
0 0 B3 . . . 0
. . . . . . . . . . . . . . .

0 . . . . . . 0 BN

 ,

D and E , as shown at the bottom of the next page.
Therefore, the magnitude and phase of the coupling
parameters between two consecutive elements (specifi-
cally, between the ith and (i + 1)th elements, where
i ∈ {1, 2, 3, . . . , (N − 1)}) are determined as follows:

∣∣∣κ(i,i+1)
∣∣∣ =

{(
R(i,i+1)
L

)2
+

(
ωL(i,i+1)

−
1

ωC(i,i+1)

)2
} 1

2

,

and̸ κ(i,i+1)
= tan−1


(
ωL(i,i+1) −

1
ωC(i,i+1)

)
R(i,i+1)
L

 .

(23)

Subsequently, by employing the Runge-Kutta technique to
simultaneously solve the aforementioned set of N differential
equations described in equation (22), discrete solutions for
ik (n) where k ∈ {1, 2, 3, . . . ,N } are obtained. Consequently,
the power emitted by the mutually coupled N -element HEM-
ATT source can be expresses as:

PTHz =

∑N

m=1

[∣∣∣R(w)
d

∣∣∣ lim
U→∞

(
1
U

)∑U−1

k=0
|im (k)|2

]
.

(24)

The modeling and analysis presented here are entirely
generalized and applicable to any number of elements. The
procedure remains valid regardless of the number of elements
used. By increasing the number of elements in the multi-
element injection-locked HEM-ATT oscillator, the power
output can be significantly upscaled, marking a revolutionary
advancement in THz power generation.

V. MODELLING AND SIMULATION OF NOISE
The stochastic impact ionization process in an IMPATT
device introduces unwanted fluctuations in current and field
within its steady-state constituents. These variations present
themselves as small-signal components in proportion to their
steady-state values during reverse bias breakdown condi-
tions. Therefore, to accurately simulate noise in a mutually
injection locked multi-element HEM-ATT source, it is essen-
tial to perform the simulation under small-signal conditions.
Figure 4 illustrates the equivalent circuit for avalanche noise

simulation, where noise sources v(i)n , i ∈ {1, 2, 3, . . . ,N },
replace diode impedances. Given the parallel arrangement of
these noise sources, the equivalent noise voltage is articulated
as vn(eqvt) = v(1)n = v(2)n = . . . = v(N )

n . Small-signal
avalanche noise simulation is executed under open-circuit
conditions, devoid of any applied high-frequency AC voltage
signal [63]. The simulation employs two 2nd-order differ-
ential equations, corresponding to the real and imaginary
components of the equivalent noise field. These equations are
simultaneously solved using the Runge–Kutta method, with
band-to-band tunneling considered as a noiseless instanta-
neous process [64]. This simulation approach, known as the
double-iterative field-maximum (DIFM) method [63], [64],
is utilized. Subsequently, the transfer noise impedance at each
spatial point of the depletion layer is computed based on the
knowledge of mean square noise current and voltage. Fur-
thermore, the mean square noise equivalent voltage ⟨v2n(eqvt)⟩
is derived from the distribution of transfer noise impedance
along the depletion layer. This allows for the determination
of the noise spectral density (NSD (f ) = ⟨v2n(eqvt)⟩

/
df V2 s)

or mean square noise voltage per bandwidth (df) as a function
of f . To assess the noise performance of the source, the noise
measure (NM) is calculated and defined as:

NM (f ) =
NSD(f )

4kBT (−Rd(eqvt) (f ) − Rs(eqvt))
, (25)

where kB = 1.38 × 10−23 J K−1 is the Boltzmann constant,
T = 300 K is the ambient temperature, Rd(eqvt)(f ) is the
equivalent negative resistance, and Rs(eqvt) is the equivalent
series resistance of the parallel-connected N -element HEM-
ATTs.

VI. RESULTS AND DISCUSSION
In this section, we begin by presenting the steady-state char-
acteristics of the 10-element HEM-ATT structure derived
from the Silvaco ATLAS simulation platform. Following
that, we delve into the description of the coupling circuits
designed for the structure, elucidating their characteristics
based on simulations conducted in ADS software. Subse-
quently, we explore the THz performance of the 10-element
HEM-ATT source with mutual injection locking as well
as the avalanche noise characteristics of the source under
examination. Finally, the performance of the ten-element
1.0 THz HEM-ATT oscillator under mutual injection locking
has been compared with that of several state-of-the-art THz
sources.




(
R(1,2)
L + R(2)

A − R(1)
d

)
+j
(

ωL(1,2) −
1

ωC(1,2) −
1

ωC(1)
d

)
{
R(1,2)
L + j

(
ωL(1,2) −

1
ωC(1,2)

)}
{
R(1,2)
L + j

(
ωL(1,2) −

1
ωC(1,2)

)} 
(
R(1,2)
L + R(1)

C − R(2)
d

)
+j
(

ωL(1,2) −
1

ωC(1,2) −
1

ωC(2)
d

)


[
I1
I2

]
=

[
V (1,2)
THz (ω)

V (1,2)
THz (ω)

]
. (17 (a) & (b))
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A. STEADY-STATE CHARACTERISTICS
The Silvaco ATLAS platform played a crucial role in
conducting a steady-state analysis of the multi-element
HEM-ATT structure. The analysis employed a modified
drift–diffusion model, encompassing the Poisson equation,
carrier continuity equation, and current density equation.
Several factors were taken into consideration during the sim-
ulation, including concentration and field-dependent mobil-
ity (conmob and fldmob), Shockley–Read–Hall and Auger
recombinations (srh and auger), band-to-band tunneling
(autobbt), trap-assisted tunneling, andmore. Additionally, the
simulation model accounted for Fermi statistics (fermi) and
the effects of bandgap narrowing (bgn), interface charges,
charge trapping, passivation, mobile space charge, etc. Before
initiating the static simulation of the proposed structure, the
entire simulationmodel underwent calibration against experi-
mental data obtained from previously published reports [65],
[66]. The quasi-Read concentration profile of the proposed
multi-element HEM-ATT structure, characterized by a lo-
hi-lo pattern, was verified by analyzing the partial electron
distribution at the AlGaN/GaN interfaces (at y = hg for
(LAu(Sch) + LNi(Sch) ≤ x ≤ (Ld + LAu(Sch)+ LNi(Sch))). This
distribution is influenced by the polarization-induced sheet
charges in the channel region. The partial electron density
beneath the 20 nm thick AlGaN barrier layer was determined
to be 3.4527 × 1023 m−3, representing the high (hi) elec-
tron density regions. Similarly, the partial electron density
beneath the 10 nm thick trench regions was measured at
6.2398 × 1022 m−3, indicating the low (lo) electron density
regions. Consequently, adjusting the thickness of the AlGaN
barrier layer allows for the modification of the concentration
profile in the channel region, and this property was uti-
lized to achieve a quasi-Read density profile in the proposed
structure.

The characterization of the ten-element HEM-ATT struc-
ture’s current–voltage (I-V) behavior under reverse bias
conditions was carried out using the Tektronix 4200A-SCS
parameter analyzer and probe station. Initially, two probes
were linked to the SMU-1 (Source Measurement Unit—1)
and GND (Ground) of the parameter analyzer. These connec-
tions were then directed to the cathode and anode terminals

of the sample, respectively. The Clarius software associated
with the parameter analyzer streamlined the configuration
of voltage–current measurement steps. The reverse voltage
magnitude (|VR|) was systematically varied from 0 to 19.5 V
in increments of 1.5 V, and the corresponding I0 values
were measured and recorded. The experimentally obtained I0
versusVR graphs for the ten-element lo-hi-lo HEM-ATT sam-
ple were then graphed, as illustrated in Figure 5. Moreover,
Figure 5 presents the I-V characteristics of the ten-element lo-
hi-lo HEM-ATT structure derived fromDC simulation, where
the current density values (J0) underwent multiplication by
the cross-sectional area to ascertain the corresponding cur-
rent (I0) values. Figure 5 reveals a noteworthy consistency
between the I-V characteristics obtained from experimental
measurements and DC simulation, affirming the validity of
the simulation model employed in this study. The break-
down voltage obtained from DC simulation was 16.61 V,
closely aligned with the experimentally measured breakdown
voltage of 17.35 V, thereby validating the simulated value.
Examining the I-V characteristics of the ten-element lo-
hi-lo HEM-ATT structure depicted in Figure 5 reveals an
interesting observation. The breakdown voltage of the entire
structure remains relatively unchanged when compared to
the previously reported single-element lo-hi-lo HEM-ATT
device [52]. However, there is a notable increase in the current
at each voltage point, nearly by a factor of ten. This out-
come is expected, given that in the proposed multi-element
structure, all HEM-ATT devices are effectively connected in
parallel. As a result, the voltage across the diode stays con-
stant (VD(N ) = VD(1)), but the current through it experiences
a significant increase (ID(N ) ≈ N × ID(1)).

B. CHARACTERISTICS OF THE COUPLING CIRCUIT
In Figure 6 (a), variations in the guided wavelength (λg)
through coupling circuits and the free space wavelength
(λ0) are presented concerning the design frequency of the
source. Within the frequency range of 0.923 to 1.066 THz,
the guided wavelengths (121.853 – 105.507 µm) consis-
tently exhibit shorter values than the corresponding free
space wavelengths (325.027 – 281.426 µm), a result of the

D=


0

(
L(1,2)− 1

ω2C(1,2)

)
0 . . . 0(

L(1,2)− 1
ω2C(1,2)

)
0

(
L(2,3)− 1

ω2C(2,3)

)
. . . 0

0 L(2,3)− 1
ω2C(2,3) 0 . . . 0

. . . . . . . . . . . . . . .

0 . . . . . . L(N−1,N )−
1

ω2C(N−1,N ) 0

 ,

E =


0 R(1,2)

L 0 . . . 0
R(1,2)
L 0 R(2,3)

L . . . 0
0 R(3,2)

L 0 . . . 0
. . . . . . . . . . . . . . .

0 . . . . . . R(N−1,N )
L 0

 .
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FIGURE 4. Equivalent circuit of mutually injection locked N-element HEM-ATT oscillator for the avalanche noise analysis.

FIGURE 5. Reverse bias I-V Characteristics of the ten-element mutually injection locked
HEM-ATT oscillator.

effective dielectric constant of the insulating layer surpassing
unity. Figure 6 (b) indicates that the maximum operating
frequency of the designed coupling circuits (f (max)

C ) signifi-
cantly surpasses the operating frequency of the source (fp),
ensuring effective coupling between adjacent diodes. The
effective dielectric constant (ε(eff )

r ) of the Si3N4 insulator
layer is observed to decrease, and the phase velocity of the
wave (vph) increases with the source’s operating frequency,
as depicted in Figures 7 (a) and (b) respectively. Throughout

different frequencies of operation, the effective dielectric
constant consistently remains smaller than the actual dielec-
tric constant (εr ) of the insulating layer (Si3 N4) due to
fringing fields arising from the edge effect associated with
the nanostrip lines. In Figure 8 (a), the equivalent resistance
of the coupling circuits (R(i,i+1)

L ) increases from 12.275 to
13.372 m� with the rise in operating frequency from
0.923 to 1.066 THz. Concurrently, the equivalent capacitance
(C(i,i+1)) and inductance (L(i,i+1)) decrease from 11.079 to
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FIGURE 6. Variations of (a) free space wavelength and guided wavelength, and (b) maximum operating frequency
of the coupling circuit and the optimum frequency of the source with frequency.

8.874 pF and from 2.684 to 2.512 fH, respectively, within
the same frequency increment. Figure 8 (b) demonstrates an
increase in the magnitude of the coupling parameter from
19.822 to 21.491 m�with an increase in operating frequency
from 0.923 to 1.066 THz. The phase angle of the cou-
pling parameter remains consistently at zero for all operating
frequencies.

C. THZ CHARACTERISTICS
If the elements of the source are not identical, the fre-
quency of oscillation of different HEM-ATT-elements will
deviate from each other, leading to a structural mismatch
following fabrication. To simulate this structural mismatch,
the length of the active layer of each element is var-
ied randomly by an amount δl =

(
L(prac)
d − Ld

)
, where

Ld represents the design-length (specified in Table 1) and
L(prac)
d is the active region length after fabrication. The

parameter δl is denoted as the length-mismatch-parameter,
characterized as a random-variable with a probability den-
sity function which follows normal distribution with zero
mean value. It is typically expressed as a percentage,
1l =

(
δL
/
Ld
)
× 100%.

The simulations were executed by introducing varying
levels of the mismatch parameter, spanning from 0 to ±10%.

Multiple trials were conducted to assess the impact of length-
mismatch on the high-frequency and noise characteristics
of the 10-element HEM-ATT source, both in the pres-
ence and absence of mutual injection locking. Figures 9
(a) and (b) illustrate the normalized power spectral densi-
ties (PSDs) of the 10-element 1.0 THz HEM-ATT source
without (κ(i,i+1) → ∞) and with (κ(i,i+1) < ∞) mutual
injection locking, respectively, for 1l = 0%. Figure 9(c)
presents the same for –10% ≤ 1l ≤ +10%. Observations
from Figures 9(a) and (b) indicate that the PSD of the
source is highly narrowband around 1.0 THz, suggesting that
injection locking is unnecessary in an ideal case without
mismatch. However, in Figure 9 (c), the PSD reveals multiple
peaks when a mismatch is present (|1l| = 10%), indicating
the generation of several local harmonics around 1.0 THz.
Notably, Figure 9 (c) emphasizes that mutual injection lock-
ing compels all elements to oscillate at a single frequency
near 1.0 THz, even when substantial mismatch conditions are
present (|1l| = 10%).

The 3-dB bandwidth (BW (κ)
p ) of the source exhibits a

rapid increase with the augmentation of the mismatch amount
(|1l|) in the absence of mutual injection locking. Con-
versely, the same 3-dB bandwidth is nearly constant in a
mutually injection-locked source, despite variations in |1l|.
In Figure 9(d), it is evident that in the 1.0 THz source, the
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FIGURE 7. Variations of (a) actual and effective dielectric constant of the oxide layer, and (b) phase
velocity of the THz wave with frequency.

bandwidth increases from 18.32 to 128.91 GHz as |1l| varies
from 0% to 10% in absence of mutual injection locking.
In contrast, for the mutually injection locked 1.0 THz source,
the bandwidth variations are observed to be within the range
of 18.32 to 24.87 GHz for the same |1l| variation. Impor-
tantly, Figure 9 (d) highlights that the 3-dB bandwidth of the
source is substantially reduced whenmutual injection locking
is applied, as it enforces the sources to oscillate at a single
frequency.

Mutual injection locking results in a slight decrease in the
magnitudes of negative resistance and capacitive reactance
when there is a specific level of length-mismatch (in this case,
|1l| = 10%). This phenomenon is depicted in Figure 10(a).
Consequently, the overall magnitude of the negative resis-
tance of the source decreases, and the high-frequency current
redistributes across different source elements. As a conse-
quence of these effects, there is a slight decrease in power
output. Figures 10 (b) and (c) illustrate the variations in THz
power output and DC-to-THz conversion efficiency, respec-
tively, for a 10-element HEM-ATT oscillator in absence and
in presence of mutual injection locking. These variations are
shown concerning bias current, with the length-mismatch
varying within the range of –10% ≤ 1l ≤ +10%. Notably,
both power output and efficiency of the source deteriorate,
particularly at higher bias current densities, due to the active
layer length mismatch.

Figure 11 (a) displays the variations in THz power output
with operating frequency of the source, considering a maxi-
mum 10% active layer length mismatch among the elements.
The same figure also presents the simulated and experimen-
tally measured power outputs of DDR IMPATT sources based
on Si, GaAs, InP, type-IIb diamond, 4H-SiC, and Wurtzite
(Wz)-GaN, along with a Schottky barrier (SB) SDRWz-GaN
IMPATT source [46], [67], [68], [69], [70], [71], [72], [73],
[74], [75]. Importantly, Figure 11 (a) highlights that the power
output of the mutually injection locked ten-element HEM-
ATT source surpasses that of all the previously mentioned
THz sources at 1.0 THz. The DDR 4H-SiC IMPATT source
emerges as the closest competitor in terms of THz power out-
put at this frequency. However, the notable advantage of the
mutually injection locked 10-element HEM-ATT source lies
in its capacity to enhance THz power delivery by increasing
the number of elements beyond ten (N > 10). Figure 11(b)
illustrates the variations in THz power output the source
with the number of elements. Noteworthy is the non-linear
relationship observed in Figure 11(b): the THz power output
of a N -element HEM-ATT source does not vary linearly
(PTHz(N ) ̸=N×PTHz(1)) with the with the number of elements.
Instead, the THz power output experiences deterioration for
higher values of N , particularly for N ≥ 4. This decline is
attributed to the influences of coupling circuits and the active
layer length mismatch among the numerous elements.
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FIGURE 8. Frequency response of the (a) equivalent inductance, capacitance and resistance of the coupling
circuit, and (b) magnitude and phase of the coupling parameter.

FIGURE 9. Normalized PSD in 10-element 1.0 THz HEM-ATT oscillator versus frequency (a) in absence of and (b) in presence of mutual
injection locking by neglecting the length-mismatch, and (c) in absence and in presence of mutual injection locking for length-mismatch
varying within the range of –10% ≤ 1l ≤ +10%; (d) 3-dB bandwidth of the oscillator in absence and in presence of mutual injection
locking, versus length-mismatch parameter.
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FIGURE 10. (a) Overall resistance and reactance, (b) power output, and (c) conversion efficiency of the
10-element HEM-ATT oscillator in absence and in presence of mutual injection locking, versus bias current
for length-mismatch varying within the range of –10% ≤ 1l ≤ +10%.

FIGURE 11. Variations of (a) THz power output of ten-element HEM-ATT oscillator and other IMPATT sources
with frequency, and (b) THz power output of single or multi-element HEM-ATT oscillator with number of
elements.
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FIGURE 12. Noise measure of 10-element HEM-ATT oscillator and other IMPATT sources versus
frequency; error bars shows the variations of noise measure due to the combined influence of the
length-mismatch varying within the range of –10% ≤ 1l ≤ +10% and mutual injection locking.

D. NOISE CHARACTERISTICS
The noise simulation for the 10-element HEM-ATT source
under mutual injection locking was also conducted at small-
signal conditions [64]. The plot in Figure 12 displays the
noise measure (NM) versus frequency, demonstrating that
the combined influence of active layer mismatch and mutual
injection locking induces a slight change in the noise mea-
sure, particularly at higher operating frequencies. The posi-
tive feedback of avalanche noise current from one element
to the adjacent element, and its subsequent multiplication
in the avalanche region of the second element and so forth,
leads to an overall increase in noise power. The noise simula-
tion for the mutually injection-locked ten-element HEM-ATT
source reveals that these sources exhibit significantly less
noise compared to standalone Schottky-barrier SDR Wz-
GaN IMPATT sources. However, the NM of a conventional
DDR Wz-GaN IMPATT source is notably smaller than the
Schottky-barrier-diode-based sources. Specifically, the noise
measure of the mutually injection-locked ten-element HEM-
ATT source varies from 11.92 to 13.44 dB at 1.0 THz, while
it is observed to be 16.09 dB at 1.0 THz in the vertical
Schottky SDR source. Meanwhile, the GaN DDR IMPATT
source demonstrated to be the least noisy THz source,
with a noise measure of 10.20 dB at 1.0 THz. However,
although the noise performance of the vertical DDRWz-GaN
IMPATT source was found to be superior to the mutually
injection-locked 10-element HEM-ATT source in terms of
noise, its THz power output is significantly smaller (approx-
imately 10 µW at 1.0 THz). Consequently, the vertical DDR

Wz-GaN IMPATT diode is not recommended for realizing
THz sources. Conversely, the high-power mutually injection-
locked ten-element HEM-ATT source, with compatible noise
characteristics, emerges as the most suitable candidate for
experimentally realizing high-power THz sources.

E. COMPARISON WITH STATE-OF-THE-ART THZ SOURCES
A comparative analysis between a previously proposed THz
source [52], various commercially available THz sources
operating nearly at 1.0 THz [76], [77], [78], [79], [80],
[81], [82], [83], [84], [85], [86], and the mutually injection-
locked 10-element Schottky barrier HEM-ATT source, has
been presented in this section. The Table 2 lists essential
specifications such as frequency range of operation, peak
output power, and efficiency for THz sources, including
single-element HEM-ATT source, backward wave oscillators
(BWOs), folded waveguide sources, carcinotrons, high-
electron-mobility transistors (HEMTs), quantum cascade
lasers (QCLs), planar Schottky barrier diode multipliers, and
harmonic oscillator arrays [76], [77], [78], [79], [80], [81],
[82], [83], [84], [85], [86]. The BWOwith a slow wave struc-
ture based on corrugated waveguide, developed and tested by
Mineo et al. [78], stands out as the most capable source for
THz generation in the frequency range of 0.85–1.03 THz.
This device achieved a power output of 200 mW at 0.85–
1.03 THz. Conversely, other devices listed in Table 2 exhibit
the capability to deliver very small amount of THz power (few
µW–mW) with noticeably small efficiency (less than 1.0%)
at THz regime. In contrast, the single-element HEM-ATT
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TABLE 2. Performance comparison between the mutually injection locked ten-element 1.0 THz HEM-ATT oscillator and some state-of-the-art THz sources.

source demonstrates the ability to deliver reasonably higher
THz power (250–300 mW) with larger efficiency (11–25%)
at 0.923 – 1.066 THz, where the bandwidth of oscillation is
0.143 THz. Notably, the Schottky barrier HEM-ATT diodes
requires very low operating voltage (< 17 V), while THz
BWOs necessitate a smallest cathode voltage in the order of
kilovolts (KV). Furthermore, the mutually injection-locked
10-element Schottky barrier 1.0 THz HEM-ATT source sur-
passes its single-element counterpart [52] in terms of THz

power delivery capability. The mutually injection locked 10-
element HEM-ATT source offers a significant advantage over
its single-element counterpart by achieving constructive and
sustained power combination through array configurations.
This technique ensures synchronized frequency and stable
phase relations among the oscillation elements, leading to
enhanced performance and stability. Additionally, the THz
power output of the mutually injection-locked multi-element
HEM-ATT source can be further increased by expanding
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the number of elements. As a result, the proposed mutually
injection-locked multi-element HEM-ATT source exhibits
immense potential to become a more promising and reliable
THz source compared to existing ones [76], [77], [78], [79],
[80], [81], [82], [83], [84], [85], [86].

VII. CONCLUSION
The paper explores the terahertz performance of an
AlGaN/GaN 2-DEG based mutually injection-locked multi-
element HEM-ATT source. The implementation of a nanos-
trip patch type planar coupling circuit enables injection
locking between the adjacent elements. The study offers a
thorough analysis of the integrated power combining tech-
nique in the mutually injection locked multi-element HEM-
ATT oscillator. Specifically, a 10-element mutually injection
locked integrated power combined source is designed for
operation at 1.0 THz, and simulation studies are conducted
to assess its DC, large-signal, and avalanche noise character-
istics. The results indicate the capability of the ten-element
HEM-ATT oscillator to deliver 2.27 W peak power with a
remarkable 17%DC to THz conversion efficiency at 1.0 THz.
The average noise measure of the oscillator is found to be
12.54 dB. Notably, the study verifies the oscillator’s ability to
generate a narrow-band terahertz wave by introducing various
levels of structural mismatch between the elements. More-
over, mutual injection locking between adjacent elements
is demonstrated to lead the sources to oscillate at a single
frequency, even in the presence of a significantly high level
of structural mismatch among the elements. However, it is
observed that there is a minor reduction in power output and a
slight increase in noise measure for the multi-element HEM-
ATT oscillator due to the presence of mutual injection locking
between adjacent elements. Furthermore, it is demonstrated
that the THz power delivery capacity of themutually injection
locked multi-element HEM-ATT source can be enhanced by
increasing the number of elements. The research concludes
by comparing the terahertz performance of the mutually
injection locked 10-element HEM-ATT oscillator with other
state-of-the-art THz sources, assessing its potential as an
excellent integrated THz radiator.
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