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Abstract

This paper proposes a hybrid synthesis method combin-
ing spatial point-focusing beamforming and far-field phase
profiling to enhance the operating bandwidth of transmitar-
rays. The phase distribution required for a broadband fixed-
beam operation is derived based on a numerical model
of the transmitarray, and the impact of key design pa-
rameters on antenna performance is systematically eval-
vated. The proposed approach demonstrates significant
bandwidth improvement while limiting peak-gain degra-
dation to 1.7-3.4 dB, and its effectiveness is validated
through comparison with conventional techniques, such as
feed focal-distance adjustment for plane-wave illumination
approximation.

1 Introduction

A transmitarray (TA) is a spatially fed antenna architecture
that has attracted significant interest for a wide range of ap-
plications, ranging from real-time electronically steerable
beamforming [1] to fixed-beam, high-gain point-to-point
links [2, 3]. Owing to their low cost, reduced complexity,
and low power consumption, TAs represent an appealing
alternative to classical phased arrays. Nevertheless, TAs
inherently suffer from non-uniform aperture illumination
in both amplitude and phase, which limits their broadband
performance. When combined with the frequency-invariant
phase response of the unit cells (UCs), this non-uniform il-
lumination induces a frequency-dependent deformation of
the radiated beam, even for broadside operation. In particu-
lar, the use of a constant phase-shift law optimized at a sin-
gle design frequency results in a reduced operational band-
width, as reported in [4]. Furthermore, under beam-steering
conditions, this frequency-dispersive behavior causes a pro-
gressive shift of the main beam direction with frequency,
known as beam squint, which further degrades wideband
performance.

Most state-of-the-art solutions address these limitations ei-
ther by increasing the focal distance to alleviate aperture il-
lumination non-uniformity or by employing complex multi-
layer unit-cell architectures to compensate for frequency
dispersion [5]. While adjusting the feed position and fo-
cal distance can improve the bandwidth by enabling a more
favorable gain—bandwidth trade-off [2], such improvements
are typically achieved at the expense of a significant peak-
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Figure 1. TA System Modeling

gain reduction. These drawbacks motivate the development
of alternative synthesis strategies capable of delivering im-
proved bandwidth without severe gain penalties, particu-
larly for fixed-beam sub-THz backhaul applications.

In this context, this work investigates a phase-only synthe-
sis approach based on a mixed far-field and point-focusing
(mFF-PF) beamforming scheme. The proposed method in-
troduces a parametric phase profile, which is analyzed us-
ing a numerical TA model. An optimized phase distribution
is then derived and employed to quantitatively assess the
achievable performance, through comparison with conven-
tional synthesis techniques and with measured performance
indicators from experimental demonstrations.

The remainder of this paper is organized as follows. Section
2 presents the TA modeling framework. Section 3 describes
both the conventional and proposed synthesis approaches.
Section 4 evaluates the achievable performance and bench-
marks the proposed scheme. Finally, conclusions are drawn
in Section 5.

2 Ray-Tracing Model for Transmitarrays

We assume a square TA aperture of M x M elements, ly-
ing z = 0 plane and centered at the origin of the coordi-
nate system. The TA is illuminated by a feed whose phase
center is in (0,0, —F) where F is the focal distance. The
UC:s are synthesized as pairs of receiving (Rx) and transmit
(Tx) elements coupled by a phase shifter. A perfect power
transmission from Rx and Tx elements, i.e. a lossless power
propagation through each UC.

The directivity of the feeding source Drg and each UC an-



tenna (same for both Rx and Tx) Dy ¢ are expressed as fol-
lows [6, 7]:

Drs(6) =2(p+1)cos”(0) (D)
Dyc(2,6) = 4”;5’” cos() )

where the directivity increases with the order p, A, =
A2/4 is the UC’s area and A indicates the wavelength at
the operation frequency.

By assuming the far-field (FF) propagation between the FS
and the Rx element for the m-th UC, the propagation chan-
nel, h,,, can be expressed as [7]:

A om
hm(l) = \/DFS(em) 'Duc(l76m)4 e_sz’m 3)

m

where r,, = \/F?+x2,+y2, denotes the distance between
the FS and the m-th UC, and 6,, represents the elevation
angle between the phase centers of the FS and the m-th UC.
Expression (3) characterizes the illumination law of the TA.
One can observe that the incident phase and amplitude are
function of the wavelength and space (i.e. UC location).

Finally, the radiation pattern of the TA is computed by
sumperimposing the contribution of each UC

2
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where f3, is the phase shift applied at the m-th UC, (u,v) =
(sinBcos@,sinOsing) and (x,,,y,) denote the position in
the xy-plane of the m-th UC.

3 Phase Profile Synthesis

We now present two methods to derive the phase distribu-
tion of the TA. In all cases, a continuous phase-shift in the
range 0-27 is considered for each UC with a constant phase
shift in the band [8].

3.1 Far-Field Canonical Phase Profile

Under narrowband approximation, the phase distribution is
optimized to steer a beam at a given direction. In particular
for broadside beam, the phase of the m-th UC is given by [7]

2
ﬁm = Tcr m (5
Typically, the focal distance is selected to maximize the
peak gain [9]. For wideband TAs, it is possible to adapt
the focal distance to achieve a more favorable trade-off be-
tween gain and operational bandwidth [2].

3.2 Proposed Mixed Far-Field and Point-
Focusing Phase Profile

We propose to divide the TA aperture into two distinct sub-
arrays using a circle of radius r., as shown in Figure 1.
The UCs inside r. aims at compensating the incident phase
at central frequency as described in the previous section,
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Figure 2. Achievable trade-offs between peak-gain and 3-
dB bandwidth for the proposed mFF-PF with r. = D/2 ap-
plied to the 140 x 140 TA (F/D=0.47).
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Figure 3. Bandwidth for Minimal Gain-Loss.

while the UCs outside of the circle also perform point-
focusing toward a virtual point located at (0,0,z) (with
z > 0). The idea behind point-focusing is to limit the ef-
fects of frequency dispersion. Indeed, frequency compo-
nents above and below the carrier frequency f,. cause beam
deviations in opposite directions, respectively toward the
outward and inward from the desired direction. Accord-
ingly, the PF method compensates for the outward beam
deviation at higher frequencies, at the price of reduced gain
at the carrier frequency.

This approach depends on two parameters: the circle radius
r. and the focal point distance z. The expression of the
phase shift of the m-th UC is thus

2n
2 XtV <17
o c
Bm - 27r + x2 +)C2 th . (6)
— | r —n otherwise.
Ae "yt )

It is interesting to observe that the proposed method is a
generalization of the FF phase profile. Indeed, for r. >
\@D/Z, the circle totally encloses the lens of UCs and
therefore the proposed method is reduced to FF beamform-
ing. Similarly, for r. < v/2D/2, when z — oo the proposed
method is reduced to FF beamforming.

4 Simulation Results

A 140 x 140 broadside TA operating at carrier frequency
fe =300GH 7z is considered. The TA period is equal to A, /2.
The FS is a pyramidal horn antenna whit a gain of 10 dBi
(i.e., an antenna order p = 4). The gain-maximized con-
figuration achieving 46.5 dBi gain and 4.8% relative 3-dB
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Figure 4. Phase Profiles of the Reference and 3 dB peak
Gain Loss FF-only and mPF-FF configurations.

bandwidth for F/D = 0.47 (according the considered wide-
band model) is used as reference.

4.1 Evaluation of the Proposed Solution

We now evaluate the achievable performance of the pro-
posed scheme. For sake of compactness, we assume in the
proposed study that the focal distance is set to F/D = 0.47.
Figure 2 gives the peak gain and corresponding 3-dB band-
width as function of the focusing distance z for a fixed circle
radius r. = D/2 (for illustration). As expected, the max-
imum peak gain is achieved for z — co. Then, the system
provides different trade-off levels depending on the distance
z. For instance, maximum 3-dB bandwidth is achieved for
7 =43D at the price of a peak gain reduction of 1.9 dB.
Based on this, we can evaluate the best bandwidth as func-
tion of the peak gain penalty with respect to the maximized
gain 46.5 dBi. It leads to the yellow curve depicted in Fig-
ure 3. We can now extend this result by evaluating the per-
formance for any circle radius r, € [0,+/2D/2]. We can thus
evaluate the maximum bandwidth as function of the peak
gain penalty for any configuration (r.,z) which leads to the
blue curve in Figure 3. The performance provided by FF-
only scheme by varying the focal distance is also given for
comparison. Regarding the FF-only phase profile, the best
bandwidth performance is achieved by enlarging the focal
distance (as it tends to a better uniform phase illumination
law). The bandwidth comes at the price of a peak-gain
penalty caused by increased spillover losses. The mFF-PF
method outperforms the FF-only approach for a gain loss
between 1.7 and 3.4 dB. Therefore, the 3 dB gain penalty
configuration will be considered for the benchmark.

4.2 Performance Evaluation

Table 1 provides the obtained configurations and evalua-
tions of key performance indicators. The numerical results
are also compared with state-of-the-art high-gain sub-THz
antennas, whose results are based on real measurements.

The obtained phase profiles, rounded to /2 for readability,
are shown in Figure 4. The FF-only phase profile exhibits
less phase discontinuities than the reference case, thanks to
a better uniform phase illumination. In contrast, the mFF-
PF phase profile splits the array into two, keeping the inner
UC:s identical to the reference and directing the outer UCs
toward the virtual focusing point (0,0,z).
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Figure 6. Radiation Pattern (¢ = 0) for Different Phase
Resolutions and Methods (Reference, FF-only, mFF-PF)

Figure 5 depicts the gains provided by the different con-
figurations. The aperture efficiency is defined as the ratio
between the achievable peak gain and the theoretical direc-
tivity of a uniformly illuminated aperture (in amplitude and
phase) having the same physical dimensions D x D as the
array. The corresponding 3-dB bandwidth are depicted by
vertical dashed lines. We can observe that the proposed
mFF-PF phase profile forms two local maxima for the gain
response and no maximum at f = f.. The peak gain and
bandwidth are selected to maximize the bandwidth around
the center frequency. In addition, the peak aperture effi-
ciency decreases from 71.9% to 35.6% and 33.3% for the
FF-only and mFF-PF approaches, respectively. It is mainly
due to the 3 dB gain reduction we considered.

Figure 6 depicts the radiation patterns evaluated at different
frequencies. The bandwidth enlargement is achieved at the
price of increased SLL at the carrier frequency f,. The SLL
increases from —27 dB to —19 dB for FF-only approach
and to —20 dB for mFF-PF approach under both ideal and
2-bit phase quantized conditions. Furthermore, 2-bit phase
quantization results in a peak gain loss of 1.4 dB. It moti-
vates us to conduct a more comprehensive investigation of
the impact of phase quantization on radiation performance
that will be addressed in future work.

Compared with other state-of-the-art high-gain sub-THz
experimental TAs, the point-focused method demonstrates



Table 1. Synthesis of 3-dB gain-penalty configurations and achieved performance in comparison with experimental prototypes.

Method Reference  FF-only mFF-PF [2] [3] [1]
Frequency (GHz) 300 300 300 280 140 200
Source gain [dBi] 10.0 10.0 10.0 10.0 25.5 22.0
D/A. 70 70 70 70 (at 300 GHz) 94 15
F/D 0.47 1.26 0.47 0.60 1.69 1.78
r/(DI2) : z/D >v2:0 >42:0 0.84:295 >V2: >V2:i0 >42:e
Peak Gain [dBi] 46.5 43.5 43.5 43.3 44.3 29.2
3dB- Bandwidth 4.8% 9.6% 11.5% 6.0% 6.4% 19.1%
Peak Aperture Eff. 71.9% 35.9% 33.3% 39.0% 24.1% 35.0%
SLL [dB] =27 —19 —-20 —17 —-30 —18
superior bandwidth performance with a short focal distance tions on Terahertz Science and Technology, vol. 13,
fixed to F/D = 0.47. Indeed, the 3-dB bandwidth is nearly no. 5, pp. 485492, 2023.
twice that reported in [2] and [3] while providing similar ) ) . )
or even greater peak gains. It seems worth noticing that the 31 Dj Seo, H Kim, S. Oh, J. I_ﬁm’ and J. Oh, Ultrathm
TA in [1] exhibits a larger relative bandwidth of 19% thanks ngh—Galn D—Banq 'T'ransmltar.ray Based on a Epatlal
to its small lens size, D/A = 16, and greater focal distance, Filter Topology Uphzmg B ondmg.Layer Effect,” IEEE
F/D = 1.67. Consequently, its achievable gain is signif- Antennas and Wireless Propagation Letters, vol. 21,
icantly lower than the other designs. Finally, it is impor- no. 10, pp. 1945-1949, 2022-10-01.
tant to note that the performance provided by the numerical [4] F. Diaby, A. Clemente, L. Di Palma, L. Dussopt, and

ray-tracing model is optimistic compared to experimental
measurements, mainly because the propagation through the
lens is assumed to be ideal.

5 Conclusion

The proposed mFF-PF phase profiling achieves improved
trade-offs between peak gain and bandwidth while main-
taining a fixed focal distance. These results could be fur-
ther extended by simultaneously adapting the focal dis-
tance. Moreover, the numerical results presented in this pa-
per are somewhat optimistic compared to measurements of
experimental prototypes. Nevertheless, the bandwidth im-
provements offered by the proposed scheme remain promis-
ing and warrant validation under more practical conditions,
such as phase quantization and realistic full-wave simula-
tions.
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