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Abstract: A novel photonic-assisted 2-D Terahertz beam steering chip using only two tuning
elements is presented. The chip is based on an array of three leaky wave antennas (LWAs) with
a monolithically integrated beamforming network (BFN) on a 50 um-thick indium phosphide
substrate. The THz beam angle in elevation (E-plane) is controlled via optical frequency tuning
using a tunable dual-wavelength laser. An optical delay line is used for azimuth (H-plane) beam
control. The simulated beam scanning range is 92° in elevation for a frequency sweep from
0.23 THz to 0.33 THz and 69.18° in azimuth for a time delay of 3.6 ps. For the frequency range
from 0.26 THz to 0.32 THz, it is confirmed experimentally that the THz beam scans from —12°
to +33°, which is in good agreement with the numerical simulations. The beam direction in
azimuth scans with a total angle of 39° when applying a delay difference of 1.68 ps. A good
agreement is found between theoretically predicted and experimentally determined THz beam
angles with a maximum angle deviation below 5°. The experimental scanning angles are limited
due to the mechanical constraints of the on-wafer probes, the on-chip integrated transition and
the bandwidth of the THz receiver LNA. The mechanical limitation will be overcome when using
a packaged chip.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The lower part of the Terahertz (THz) spectrum (0.1-1 THz) offers a lot of attractive fea-
tures for several applications, including medical screenings (lower energy than X-Rays) [1,2],
imaging (higher resolution than microwaves) [2,3], radar [4], spectroscopy [5,6], short-range
communications [7,8], and future mobile THz communications such as 6G [9-11].

A generic challenge for THz applications is to overcome the free-space path loss (FSPL),
which is proportional to the square of the carrier frequency [12] and thus is more dominant in
the THz regime than for microwave frequencies. To mitigate FSPL, high THz transmit power
and high gain THz antennas are necessary. In addition, to support mobile users, chip-to-chip
self-alignment [13], and machine-to-machine (M2M) communications, the THz antennas must
also provide beam steering capabilities.

Among different THz source technologies, III/V semiconductor-based THz photodiodes
(PDs) have attracted great interest since they offer ultra-wideband operation, which is a crucial
requirement for many THz applications, including spectroscopy or high data rate mobile
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communications [14]. However, the output power level from a single THz PD is still limited.
Today, the highest reported continuous-wave output power of a single uni-traveling carrier
photodiode (UTC-PD) is 750 uW at 300 GHz [15]. Combining the outputs of several UTC-PDs
is one solution to overcome the power bottleneck. In [16], a power combiner for the WR10
frequency band (75-100 GHz) and in [17], a THz power combiner for the WR3.4 frequency band
(220-320 GHz) were reported. However, these power combiners are bulky compared to planar
integrated THz PD arrays. Therefore, they may not suit applications where compactness and
lightweight THz transmitters are mandatory. The preferred technological solution concerning the
scalability would thus be a planar or even monolithic integration of an array of THz PDs with
THz antennas. This solution would not only increase the total THz transmit power by free-space
power combining but also enable the THz beam steering using phase shifters (PSs) or true-time
delays (TTDs) in the optical domain [18].

For 1-D THz beam steering, there are many traditional approaches with a solid background
in lower frequencies [19,20], and their implementation in the THz regime is practical [21].
The first photonic-assisted linear and planar antenna arrays were recently reported, e.g., a
1 X 4-photomixer array with four optical delay lines (ODLs) at 600 GHz [22]. Also, optical
phase shifters [23,24] for optical beam control circuits have been introduced. Nevertheless,
these concepts are of considerable size, and the complex optical phase shifter or true-time
delay feeders impede monolithic integration and limit the scalability of these solutions. In
this context, leaky-wave antennas (LWAs) with integrated THz PDs have a distinct advantage,
namely a much simpler feeding network than conventional phased arrays. In [25], we reported a
periodic photonic-assisted LWA for 1-D THz beam steering based on a microstrip structure on a
50 um-thick InP wafer. Here, we demonstrated photonic-assisted 1-D THz beam steering with a
scanning range of 88° within the WR3.4 band.

Actual control of 2-D THz beam steering systems still accounts for fewer examples. For
instance, in [26], at 344 GHz a 2 X 2 phased array consisting of standing wave oscillators based
on CMOS technology could achieve a scanning angle of 128° and 53° in two directions. In [27],
a combination of frequency sweeping and mechanical tilting of a metallic plate to enable the 2-D
beam steering is reported.

This paper reports on photonic-assisted 2-D THz beam steering using an integrated on-chip
LWA array. In general, for 2-D THz beam steering using phased arrays, n X n tuning elements
are necessary. However, only n +1 tuning elements, i.e., n PS or TTD and one tunable dual A
laser for beam control, are needed for an approach of n LWAs with integrated n PDs. To further
reduce the number of tuning elements, we present a novel 2-D beam steering concept based
upon integrating multiple THz PDs to an array of LWAs via a beamforming network (BFN).
In our approach, the BEN is based on coherently radiating periodic structures (CORPS-BEFN),
previously introduced for microwave frequencies [28]. A CORPS-BFN generates a linearly
progressive phased distribution at its outputs. Accordingly, depending on the count of layers used
for the CORPS-BFN, the inputs can be reduced to two, and only one PS/TTD tuning element
is required for one input. Here, we developed a THz CORPS-BFN with two inputs and three
outputs (2 x 3 CORPS-BFN). Each output is connected to an individual LWA. This way, we
successfully reduce the number of tuning elements for 2-D THz beam steering to only two, one
PS for azimuth control and, one frequency tunable dual A laser for elevation control. To the
best of our knowledge, this is the first report on a photonic-assisted 2-D THz beam steering chip
and the first concept enabling 2-D beam steering with only two control elements. In addition,
the technological implementation of III/V semiconductors enables planar or even monolithic
integration of the antenna array with active THz sources and detectors. Therefore, the approach
paves the way for future THz photonic/electronic transceiver chips featuring 2-D beam steering.

This manuscript is organized as follows: at first, the concept for 2-D beam steering using a
2 x 3 CORPS-BFN and a LWA array is introduced. Then, the design of the antenna and the 2 x 3
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CORPS-BFN are presented. Next, the chip fabrication and experimental characterization of the
S-parameters for the fabricated structure are discussed. Finally, simulated and measured 2-D
THz beam steering capabilities are reported.

2. Photonic-assisted 2-D THz beam steering concept

Conventional concepts for 2-D beam steering using an nxn phased array require one phase
or time tuning element for each antenna. Therefore, the number of tuning elements increases
quadratically with the number of antenna elements [29,30]. For example, the system in [22]
requires four ODLs to manage the 1 X 4 phased array.

In this work, we propose a photonic-assisted 2-D beam steering concept requiring only two
control elements, one ODL and one tunable dual A laser. This is achieved by integrating an array
of THz LWAs with a THz CORPS-BFN, as illustrated in Fig. 1.

Laser
oot 'mb
Laser .
./;l]]l
Fig. 1. The concept of photonic-assisted 2-D beam steering using an array of LWAs for

steering in elevation angle 0 based on the applied frequency fty, (red) and a CORPS-BFN
for steering azimuth angle ¢ based on the applied time delay AT (green).

THz UTC-PD

An optical heterodyning set-up generates a frequency-tunable THz signal, which is then fed
to the LWAS through a broadband CORPS-BFN, causing the emerged THz beam to sweep in
elevation 6 direction. In addition, thanks to the CORPS-BFN, a linearly progressive phase shift
is introduced between the adjacent LWAs, which steers the radiated THz beam in azimuth ¢
direction. To control the phase shift A, an ODL is used. As will be explained in the next section,
a phase change of Ag between the two input ports of the THz CORPS-BFN will be distributed to
a phase difference of Ap/2 between two adjacent antennas. The correspondence between time
and phase is given by [30]:

AT = A-Ap _ Ay ,

2:m-co 2-m-f
where ¢ is the speed of light in vacuum, A and f represent wavelength and frequency of the THz
beam, respectively. As explained by the array theory for 2-D planar arrays [18], the direction of
the maximum radiation of the array factor, given by ¢ and 0 angles is defined by the following
equations:

ey

6 = tan”! (ﬁy : d*) and 2-a)

2 2
R | IBX 18)’
6 = sin \/(k-dx) +(k-dy) (2-b)
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where k is the wavenumber, k = 27/A. In the proposed antenna concept, the array element spacing
along the x-axis ‘dy’ is the length of a LWA unit cell and the array element spacing along the
y-axis dy corresponds to the spacing between the LWAs. The progressive phase along the LWA
Bx is given by Bx = Bunit cell*dx, Where Bunit cell 1S the phase constant of a LWA unit cell. The
progressive phase shift between the adjacent LWAs Sy is given by 8y = Agp/2. For Egs. (2-a) and
(2-b), it can be seen that, as in all 2-D steering concepts, the azimuth and elevation angles ¢ and
6, respectively, are not completely independent. This relation is shown in Egs. (3-a) and (3-b):

- Ag o mf-AT
AT)=tan ! |——— | = tan”! (—) (3-0)
W ) (2 * Bunit.cell * dy) Bunit.cell * dy

2 2
.- ﬁunit‘cell A(p
AT) = sin”!
0(f, AT) = sin \/( k )+(2~k-dy

— sinfl ﬁunir.cell : 4 ﬂ'f'AT 2
k k-d,

(3-b)

3. Chip design
3.1. THz antenna

Our previous work [25] developed an InP-based periodic THz 1-D LWA for monolithic integration
with THz photodiodes (PDs). Using a substrate-transfer technology, the LWAs were fabricated
on a 50 pm-thin InP substrate to reduce the number of surface-wave modes to the TMy mode for
a higher radiation efficiency [31]. However, the first LWAs were suffering from the open-stop
band (OSB) issue (see grey curves in Fig. 2(a)), where the counter-directional coupling of space
harmonics leads to a drastically reduced gain at the broadside [25]. In this work, we redesigned
the unit-cell by introducing a matching stub to suppress the OSB effect [32], as presented in the
inset in Fig. 2(a). The proposed antenna design is simulated and analyzed using the full-wave
commercial electromagnetics (EM) solver Dassault Systems CST Studio 2021. The scattering
parameters of the optimized antenna (black curves) are plotted in Fig. 2(a). As can be seen,
the return loss is below 17 dB in most of the WR3.4 frequency band and about 13.8 dB around
0.273 THz, which is the broadside frequency where the Byni¢ cen is close to zero. The dimensions
of the designed unit cell are shown in Fig. 2(b).
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Fig. 2. (a) Simulated scattering parameters of designed LWA in comparison with the
previous work in [25] (grey curves). The inset shows a schematic top view of the microstrip
periodic LWA and a close-up of a single unit-cell. (b) Geometry and dimensions of the
single unit cell.
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The dispersion diagram of a single unit cell is provided in Fig. 3(a). The phase constant is
smaller than the free-space propagation constant (light line), allowing the radiation of fast waves
by the LWA. The attenuation constant o of a single unit cell increases around the broadside
resulting in mitigation of the OSB effect, but this enhancement does not lead to a higher realized
gain in the broadside region than in the rest domain, as can be seen in Fig. 3(b). This can be
explained with respect to Fig. 2(a), where an impedance mismatching in the broadside region
counteracts the enhancement. Overall, the designed antenna covers an entire quadrant with a
scanning range of 92° degrees. As can be seen from Fig. 3(b), the radiation angle is 6 = —50° at
0.23 THz and 6 =42° at 0.33 THz. For more clarity, the polar diagram of the simulated far-field
radiation patterns of the LWA is added in Fig. 3(c).
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Fig. 3. (a) Simulated dispersion diagram of a single unit cell. (b) Simulated realized gain
for the designed microstrip LWA at different angles in the H-plane. (c) Polar diagram of the
simulated far-field radiation patterns of the LWA in H-plane.

3.2. THz CORPS beamforming network

As introduced in section 2, a CORPS-BFN generates a linear progressive phase distribution at
the output elements of the network. This network is based on cascaded Wilkinson power combin-
ers/dividers (WPCDs) in a multi-layer formation [33]. The WPCDs are called recombination
nodes (R-node) when acting as a combiner or split nodes (S-node) in the case of a divider. The
key element of a WPCD is a resistor, which guarantees the isolation between the adjacent inputs
(R-nodes operation) or outputs (S-nodes operation) and matching the impedance of the output
ports of the network.

This section discusses the concept of a single layer CORPS-BFN consisting of two S-nodes
and a single R-node to form a network of two inputs and three outputs (2 x 3 CORPS-BFN), as
depicted in Fig. 4(a). The principle of operation is explained by considering two input signals
s1(f) and s,(#) having the same amplitude and a phase difference of Ap. After the transmission
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through the S-nodes (S1 and S2), they are divided into s1,(7), s15(?), $24(?), and s2,(?), as follows:

S1a(t) = S1p(1) = 5 - cos(wr) ... [V/ml,

“)
S2a(t) = Sop(1) = % -cos(wt — Ag) ... [V/m)].

J
ant " 2t

Poit 3

A K A4
3 "cos(wd) A'“"S(_)'“‘M""‘ 3 E-cos(mt—l\qﬁ)

5,(1)=A-cos(wr) 5,(1)=A-cos(wt-Agp)

Port 2

(a) (b)

Fig. 4. (a) Generation of linearly progressive phase distribution in a 2 x 3 CORPS-BFN.(b)
Outline of the fabricated 2 x 3 CORPS-BFN. S-nodes are highlighted in red, and R-nodein
blue.

Identical phase response is expected since every S-node is built upon the same WPCD. In the
next step, each signal will reach the connected R-nodes. In the 2 x 3 CORPS-BFN network, the
two outer R-nodes are replaced by delay lines, so the signals s1,(7) and sy, (¢) will be delivered
directly to the ports 3 and 5. Only port 4 at the output of the recombination node R2 receives
contributions from both input signals. The following equation describes the recombination taking
place at R2:

Sour2(t) = 5(S15(1) + $24(1)) = 5 - [cos(wr) + cos(r = A@)]... [V/m],

Sourr2(t) = A - cos (AT"") - CoS (a)t - AT‘/’) . [V/m]. ©)

The R-node is considered lossless, so the nominal transmission parameter (1/ V2) is applied.
As can be seen from Fig. 4(a) and the equations above, the CORPS-BFN generates a linear
progressive phase distribution with a relative phase of 0, A¢/2, and Ay at its three outputs.
As discussed in [34], increasing the number of output ports, i.e., increasing the number of
connected LWAs, can be done by increasing the number of the CORPS-BFN layers. However,
this comes at the expense of higher losses and reduced scan, imposing a trade-off between array
size and overall efficiency. Furthermore, as can be seen from Eq. (5), the output amplitude is
proportional to cos(4¢/2). Thus the efficiency of the 2-D antenna array depends on the steering
angle. Nevertheless, as demonstrated further below, this degradation is comparably minor.

The layout of a single layer 2 x 3 THz CORPS-BEN is shown in Fig. 4(b). The outputs’
separation (dyy) is fixed at 480 um, defined by the recommended antenna spacing at the WR3.4
frequency domain. The main parameters of the 2 x 3 THz CORPS-BFN layout are listed in
Table 1.
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Table 1. Parameters of 2 x 3 CORPS-BFN

Parameter Value (um) Parameter Value (um) Parameter Value (um) Parameter Value (um)

wi 9 I 68 wg 6 g 146
wy 8 r 172 ) 17 ly 53
w3 11 &) 54 Win 30 lin 100
Wy 30 Iy 42 Wout 70 Lout 100
ws 18 rs 39 Wresl 3.4 Lrest 12
Wwe 18 r6 175 Wres2 10 lres2 36
w7 8 7 70

For impedance matching, the output ports of the CORPS-BFN are tapered to match the LWA’s
input impedance of 40 Q, while the input ports have an impedance of 50 Q. The resistors included
in the WPCDs (see insets in Fig. 4(b)) were designed to achieve an input impedance of 100 Q and
were made up of Titanium (Ti) using thin-film technology. Although Titanium is a conductive
material, it is oxidized to resistive TiO, under atmospheric conditions [35], increasing the film’s
resistivity. The geometries of the resistors were determined from:

_p-L_ L

R =R —, (6)
w-t w

where p is the resistivity of the material constituting the resistor and Ry, #, L, and w are the sheet
resistance, thickness, length, and width of the film, respectively.

The four-point probe method [36] was used to measure the DC conductivity of various samples
with different thicknesses. For example, the average DC conductivity was 295 + 25 kS/m for
200-nm-thick samples of oxidized Ti, which is expected to be decreased in mmWave and THz
ranges [37].

Figure 5 provides the main scattering parameters of the designed 2 x 3 THz CORPS-BFN. The
reflection coefficients of each port (S1; = S22 and S33 = S55 due to symmetry) and the transmission
from an input to an output port (S31 = Ssp and S41 = S42) are depicted in Fig. 5(a). A deviation in
the thin-films conductivity was simulated and observed to cause a frequency shift in the response.
Nevertheless, the reflection coeflicients and isolations remained underneath the 15 d B level in the
worst case. Therefore, the transmission towards the output ports remains unaffected. Figure 5(b)
provides more details about the transmission coeflicient between the isolated ports in the network
(S51 =832 and S43 = S45). Since the network is passive, the scattering matrix is reciprocal.

0 0 0
g
S0 F -10 =~
r g8 27
T E
£-20 NE =
2 E Ew
~ .30 WE E
2 ERE]
£ S 60 L
g4 p P2 1 -40F
= —S8u --8s v Su —S8u -- Sa —8s -- 8y 84 — Sa
50 L L 1 L 50 80 . . ! .
0.23 0.25 0.27 0.29 0.31 0.33 0.23 0.25 0.27 0.29 0.31 0.33
Frequency (THz) Frequency (THz)
@ (b)

Fig. 5. Simulated S-Parameters of the THz 2 x 3 CORPS-BFN. (a) Reflection coefficient
(black) and transmission (blue) to ports, (b) Isolation between ports.

A phase difference between S3; and S4; was observed due to the dissimilarity of the tapered
shape of these outputs. This mismatch was lower than 3° within the band. However, when
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assessing a variation in the conductivity of the thin films, these differences increased to 6° at
the band’s upper end (0.33 THz). Such phase difference would have a detrimental impact on
the performance of the BEN if it were higher since the contribution of each antenna would not
combine in phase.

Generally, the azimuth beam steering capabilities of 2 x 3 CORPS-BFN integrated with an
array of three frequency-independent antennas radiating towards the broadside, e.g. bow-tie or
patch antennas, can be described by the following equation [30]:

A-Acp/Z):Sin_l( c-Ap/2 )’

_— 7
27 duy 2.1 fdapt @

¢ = sin”! (

The steering angles ¢ for different values of Ay and f are plotted in Fig. 6(a). The azimuth

scanning range increases with A and reaches the maximum value with Ap = |xt|. In addition,

the angle ¢ is inversely proportional to the frequency. Thus, the maximum scanning range is
reduced from 84.74° to 56.02° when increasing the frequency from 0.23 to 0.33 THz.

50
42.37° 34.59
Ap=n 28.01°
25 Freeeeeeeeeo L Ap=2n/3
Maximum azimuth | "7 7T T o s s me oo Ap =2n/3 Ap = |m|
scanning range of
[ 0 69,18° at 273 GHz Ap=10 N
g f
Memma ‘G ) ‘ N
R L R Ap=-n = /\,‘ )/ y L/
y L N\
| 34.59° = i __;6
50 L L L L
0.23 0.25 0.27 0.29 0.31 0.33
Frequency (THz)
(2) (b)

Fig. 6. (a) Beam angle in azimuth direction at different Ap between the inputs of the
CORPS-BFN. The maximum beam angle for a SLL of 0dB corresponds to A¢ =m. (b)
Radiation pattern in E-plane at the elevation broadside frequency f = 0.273 THz for different
Agp.
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Fig. 7. (a) Fabricated structure of an array of three LWA integrated with CORPS-BFN
and GCPW transition with a zoom-in of the transition, CORPS-BFN, integrated resistors,
and unit cell. (b) The measured scattering parameters for a de-embedded structure of
CORPS-BFN and array of three LWAs (black) in comparison with the scattering parameters
of a simulated de-embedded structure (blue)
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It is noteworthy that, when integrating the CORPS-BFN with an array of LWA, (7) cannot
be applied, as the propagation constant of the LWA (Bunit cen) Will modify the direction of the
maximum radiation. This was described in Egs. (3-a) and (3-b). Due to this dual dependence
(A, Bunit cell), the beam steering capabilities of the LWA array can only be described by (7) at
the LWA broadside frequency 0.273 THz, where Buynit cent = 0. Figure 6(b) sketches this scenario
for different phase delays between the input ports. Further information on the beam steering
capabilities of the integrated CORPS-BFN with LWA array will be discussed in section 5. The
side-lobe level (SLL) increases when |Ag| > 0. In other words, for a side-lobe suppression of
0dB, the maximum scanning range of 69.18° corresponds to Ag = |nt| (see Fig. 6(a)), which
leads, according to Eq. (5), to disabling the middle output of the CORPS-BFN (soyut,r2(?) =0).
Nevertheless, the maximum scanning angle will be reduced for a higher side-lobe suppression,
taking into account the same radiative elements. For instance, the simulated scanning range is
34° for a suppression level of 10 dB. It is worth noting that the equivalent AT of each Ag can be
calculated from Eq. (1), i.e., AT = 1.8 ps for Ap =m.

4. Chip fabrication

The manufactured chip is shown in Fig. 7(a). Both, the LWA array with a pitch of d =480 pm
and the CORPS-BFN are built on a 50 um-thin InP-substrate. Grounded coplanar waveguide
GCPW to microstrip line MSL transitions are used to probe the chip, as seen from the close-up
photographs in Fig. 7(a). Also, the integrated planar resistors in the WPCD and the LWA unit
can be seen from the close-up pictures. The fabrication process was carried out by standard
photolithography, electron beam metal deposition, and lift-off. At first, 220-nm-thick thin-film
resistors were fabricated using Ti metal deposition, which is 20 nm thicker than the designed
resistors. Next, the coplanar waveguide and microstrip structures of 1.2 pm-thick copper were
deposited. Finally, a 75 nm thick gold layer is developed to prevent oxidation. After fabrication,
the surface roughness of the deposited metal contacts was measured using a DektakXT stylus
profiler revealing an average roughness of 10.7 nm.

The scattering parameters were measured using a Rohde & Schwarz ZVA40 Vector Network
Analyzer (VNA), ZC330 Tx/Rx waveguide extender, and a ZRX330 receiver (Rx) module. In
addition, an on-chip Thru-Reflect-Line TRL calibration kit [38] was used to de-embed the
transitions as well as the effect of the probes employed in the measurement.

The scattering parameters of the CORPS-BFN and LWAs array structure are provided in
Fig. 7(b). Here, the transitions were de-embedded from both the measurement and simulation
results by applying the known TRL algorithm. As can be seen, the measured isolation and return
loss are in good agreement with the simulated performances. Furthermore, the benchmarks,
i.e., isolation better than 20 dB and a reflection coefficient below —15 dB, were achieved. The
observed discrepancy between the measured and simulated isolation around 0.28 THz is traced
back to the uncertainty in the actual impedance of the integrated resistors.

5. 2-D THz beam steering

The 2-D beam steering capabilities were simulated using CST by changing the frequency of the
inputs (discrete ports) and applying different time shifts on each port. The normalized beam
profiles at designated pairs (f, AT) are plotted in Fig. 8 and Fig. 9, where f is the applied frequency,
and AT corresponds to the time shift/delay between ports 1 and 2 (see Fig. 7(a)).

Related to Eqgs. (3-a) and (3-b), the beam angle in each direction is affected by both progressive
phase shifts Bunit cen and By. For instance, the beam angle in elevation 6 for a given frequency
can be shifted by ~2° when applying AT of 0.56 ps. On the other hand, the influence on the beam
angle in azimuth ¢ for a given AT is neglectable when changing the frequency.
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Fig. 8. Simulated 3-dB beam profiles between (0.26 and 0.29 THz) anddelay times (0 and

+0.56 ps).



Research Article Vol. 30, No. 21/10 Oct 2022/ Optics Express 38606 |

Optics EXPRESS

40 40 40
30 k1] 30
pi(] (-) 20 :—: 0 C:
10 10 - 10
& & [
= 0 = 0 = 0
10 -10 10
20 20 20
30| S=03 THz 30 ,: ;E-;T;H* 30| f=03THz
“ AT =-0.56 ps “ AT=0p: “ AT =0.56 ps
g £ & ° 8 &8 8 § L 5 ° 58 8 8 & k& & ° B & 8
#(°) # (%) @ (%)
40 40 40
30 30 > 3 >
-
10 10 10
E» < £
T 0 =
-10 -10 =10
=20 20 =20
- - —0MT F=0.31 THz
30| S=0.31 THz 30| /=031 THz -30 T '
AT = -0.56 ps AT=0ps AT =0.56 ps
40 -40, . . - W & & -40, L. = & & 2
E J'é ‘3 = 2 £ =2 2 & B T & s S g = E = = =
$ (%) # 1) #1°)
40 40 40
30 — 30 - 30 s
= 20
20 20
10 10 10
> > >
=0 s s
10 -10 -10
20 =20 =20
30| S=032THz 39| f=032THz 30| /=032 THz
AT =-0.56 ps AT=0ps w® AT=10.56 ps
-40 40 40/ -
5 &£ & - 8 & 8 g & & - ¥ 5 8 & kg -2 &
[AW)] #1°) #°)
I
0.00 -1.00 -2.00 -3.00

Fig. 9. Simulated 3-dB beam profiles between (0.3 and 0.32 THz) anddelay times (0 and
+0.56 ps).

Moreover, it is observed that the beam angle with AT =0 ps is shifted in the ¢ direction towards
the direction of the first stub of the LWA. To compensate for this effect, an effective calibration
technique will be introduced later in this section.

The system set-up in Fig. 10 is used to characterize the 2-D beam steering capabilities of the
fabricated chip experimentally. The THz signal generation is based on an optical heterodyning
architecture exploiting two free-running integrable tunable laser assemblies (ITLA). This way,
the frequency difference Af between the two optical carriers defines the desired THz signal.
After combining and amplifying the optical signals, they are split into two paths. Each contains a
motorized variable optical delay line. It must be mentioned that only ODL1 is used to adjust the
time delay when validating 2-D beam steering capabilities. ODL2 is only used to compensate
for the fiber length difference and avoid the phase shift fluctuation [39]. Then, the THz signal
is converted from optical to electrical domain using a UTC-PD. In addition, the THz wireless
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Fig. 10. (a) Schematic diagram of the photonic assisted 2-D beam steering measurement
set-up including the THz signal generator (red), THz wireless transmitter (green), and the
THz wireless receiver (blue). (b) Measurement set-up for photonic 2D beam steering and
zoom-in view of the main components.

transmitter is comprised of Ground-Signal-Ground (GSG) WR3.4 probes to feed the THz signals
to the respective inputs of the CORPS-BFN. On the THz wireless receiver side, a zero-biased
Schottky-barrier diode is used as a power detector. The transmitted wireless signal is received by
a WR2.8 horn antenna with 26 dBi gain and further amplified using a THz low-noise amplifier
(27.5 dB gain). Furthermore, the receiver is installed on a north polar goniometer at the height
of ~8cm above the transmitter, allowing for hemispherical scanning around the transmitter.
However, the actual scanning angles are limited mainly by the constructional limitations of the
micropositioners and probes (see Fig. 10(b)). Moreover, the poor performance of the on-chip
integrated GCPW transition below 0.26 THz and the limited amplification of the LNA below
0.29 THz prevented the full-band frequency characterization. In elevation, the maximum possible
scanning angle is from —15° to +35° when AT =0 ps. On the other hand, in azimuth, the
maximum scanning angles are +20° for frequencies >0.29 THz.
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To limit the influences of the LWA'’s first stub, the different path lengths, and any possible
fabrication-related impacts of the CORPS-BFN on the desired beam direction of the chip, we
moved the receiver to the E-plane (¢ = 0°, see Fig. 1). Then, the ODLI is tuned to 2500 fs to steer
the main beam in ¢-direction to meet the receiver. After that, the delay of ODLI is increased
from 1660 to 3340 fs with a step of 280 fs, i.e., AT will increase from —840 fs to +840 fs.

Figure 11 validates the 2-D beam steering capabilities by plotting the measured beam angle in
elevation as a function of the frequency at AT =0 ps; and the beam angle in azimuth as a function
of AT at f =0.3 THz. A systematic deviation in the curve slope is observed when comparing
the measured beam angles in elevation with the simulated curve. This deviation can be justified
by the difference in propagation constants between the fabricated and simulated chips. On the
other hand, to seek a fair comparison between simulations and measurements in the azimuth
direction, the influence of the first LWA stub is also eliminated in the simulation environment to
get ¢ =0° for AT =0. As aresult, an excellent overall matching between the measured points
and the simulated curve is observed. The measurement system’s imperfections can explain the
variations between simulations and measurements, i.e., reflections are caused by metallic surfaces
— like probes and goniometer arms — which then influence the measurement.
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Fig. 11. A comparison between the measured and simulated beam angle in elevation
direction as a function of frequency (red) and in azimuth direction as a function of AT
(green)

The equirectangular projection of the measured normalized beam profile at 0.29 THz, 0.3 THz,
and 0.31 THz with three different time delays between the input ports are provided in Fig. 12(a).
For AT =0 ps, the beam steers by ~0.7 °/GHz in +6 direction when the frequency changes from
0.29 to 0.31 THz. In addition, the beam scans +10° in E-plane with AT = +0.56 ps. Figure 12(b)
provides a direct comparison for the measured normalized beam profile with the simulated
profiles at the same frequencies and time delays.

The experimental characterizations above were carried out using the LWA array with CORPS-
BFN fabricated on a quarter InP substrate without dicing. Thus, as previously discussed in [25],
a beam profile deformation is expected. In addition, the THz wireless transmitter contains two
different probes (GSG FormFactor InfinityProbe and GSG GGB Picroprobe Model 330) and two
different NTT-UTC-PDs. Consequently, it was demanding to provide two signals with the same
output power from both PDs and keep the relative phase at the input ports of the CORPS-BFN
constant.
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Fig. 12. (a) Measured 3-dB beam profile at 0.29 THz, 0.3 THz and 0.31 THz when three
different time delays are applied. (b) Simulated 3-dB beam profile at the same frequency
and time delays.
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The power deviation can be minimized by characterizing each PD and probe before starting
the measurements. Further computational electromagnetics simulations using CST showed
that the side effects of a power imbalance on the beam direction are limited and barely affect
the angle measurements accuracy. Nonetheless, the realized gain is directly affected by the
power available at the CORPS-BFN inputs, which dissipates at the resistors by the unbalanced
operation of the WPCD. Consequently, the value of the realized gain will decrease when the
signal amplitude/power at the inputs is not the same, resulting in a penalty of 0.4 dBi on the
realized gain when the signal’s amplitude is halved. On the other hand, degradation of 0.2 dBi
was committed when the beam was steered in E-plane for 10° due to applying a delay time of
0.56 ps; this degradation agrees with the efficiency reduction when increasing the scanning angle
in CORPS-BFN (as discussed in section 3.2).

Nevertheless, the mentioned impacts provide strong evidence for the necessity of integrating
the structure of the CORPS-BFN and LWAs array with PDs on a single chip allowing for high
THz input power and better phase control.

6. Conclusions

This article presents a novel photonic-assisted 2-D THz beam steering chip based on an array of
three LWAs with a monolithically integrated CORPS-BFN with two inputs and three outputs. To
our knowledge, this is the first 2-D THz chip-integrated beam steering approach, which requires
only two tuning elements: a frequency tunable dual-wavelength laser for elevation control and a
TTD for azimuth control.

From full-wave EM simulations for a single LWA, the beam scanning range in elevation, i.e., in
E-plane, and the realized gain are 92° and 13.7 dBi, respectively. The beam steering in elevation
is achieved by tuning the THz frequency between 0.23 and 0.33 THz. To mitigate the OSB of the
LWAs, a new antenna design is proposed, including a matching stub in each unit cell of the LWA.
As a result, it is shown that the OSB penalty at broadside is mitigated.

In order to steer the beam in azimuth using one tuning element, a new THz 2 X3 CORPS
beamforming network is introduced. The CORPS-BFN provides a linearly progressive phase
distribution among its three outputs when tuning the relative phase delay at one of the two input
ports. As a result, the total simulated azimuth scanning range reaches 69.18° for a side-lobe
suppression of 0 dB. While, for a side-lobe suppression of 10 dB, the entire scanning range in
azimuth is still as large as 34°.

The fabricated chip of the LWA array and the CORPS-BFN is characterized using a THz VNA.
The isolation and return loss show an excellent agreement with the simulations, fulfilling the 20
dB and 15 dB benchmarks thanks to the developed planar Ti/TiO, resistors.

The 2-D beam steering capabilities of the system were experimentally investigated using
a goniometer. The elevation (6) and azimuth (¢) scanning angles are validated at different
frequencies and delay times. For a time delay AT =0 ps between the two inputs of the CORPS-
BFN, the beam scans in elevation between —12° and 33° when sweeping the frequency from
0.26 to 0.32 THz. In azimuth, the beam scans from —19° to +20° when applying a delay
difference from —0.84 ps to +0.84 ps. The deviation between the numerically and experimentally
determined angles is below 5°.

The presented LWA array and the CORPS-BFN were designed intentionally to allow fabrication
on 50 pm thick InP which opens up the possibility of monolithic integration with our 1.55 um
uni-traveling carrier THz photodiodes. This integration would not only result in an ultra-compact
photonic integrated THz beam steering transmitter chip (THz Transmitter PIC) but also improve
its performance. The beam scanning in elevation will cover the WR3.4 frequency band, which
is currently limited by the GCPW-transition >0.26 THz. In addition, the THz input power
to the antenna is expected to increase by more than 10 dB due to the monolithic integration.
The maximum azimuth scanning range can also be extended by the monolithic integration of
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the structure with photodiodes, as the mechanical constraints of the on-chip GSG probes will
be avoided. Such a THz Transmitter PIC may impact various applications such as 6G THz
communications, THz imaging and spectroscopy.
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