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Abstract This paper designs a wideband phased array using a hybrid bea mforming architecture that employs true-time-delay (TTD)
circuits at the subarray level and phase shifters (PS) at the element level to e ectively mitigate beam squint. For a prac tical demonstration,
a 1024-element large-scale array is constructed by tiling f our 256-element Ku-band phased array panels, which are fed b y four TTD chips.
An experimental comparison is conducted between two con gu rations: a conventional architecture relying solely on int ernal phase shifters
for beam steering, and the proposed hybrid architecture. Th e experimental results demonstrate that at a 60 scan angle, the proposed
architecture reduces the maximum beam pointing error acros s an 800 MHz bandwidth from 3.5 to 1 . This signi cantimprovementin
scan dispersion characteristics directly translates to en hanced communication quality: when transmitting a 600 MHz b andwidth 64QAM
signal, the system's error vector magnitude (EVM) improves from an unacceptable < 7% to < 2%. This work validates the e ectiveness of
the hybrid architecture for building scalable, high-perfo rmance, large-aperture phased array systems, o ering a cri tical technical pathway
for the development of next-generation satellite communic ation and radar systems.
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1 Introduction

Phased array antennas o er signi cant technical advantages oer traditional mechanically scanned antennas, such as
high-speed electronic beam scanning, low weight, and a low pro le1f 7]. Therefore, they have been widely used in
low earth orbit (LEO) and geostationary orbit (GEO) satellite commu nications (SATCOM), 5G/6G backhaul net-
works, and advanced imaging radar systemsg[ 11]. Two key requirements for these systems are wide instantaneous
bandwidth (IBW) to support high data rates and large antenna apertures to provide the high gain to overcome path
loss caused by long distances and link degradation at millimeter-wavaéquencies. However, for phased arrays that
utilize phase shifters for beamforming, achieving both a wide IBW anda large antenna aperture is contradictory
due to the beam squint e ect [12{14].

Beam squint is the shift in an antenna beam's pointing direction with opeating frequency. This phenomenon
occurs because a phase shifter provides a xed, frequency-ingendent phase shift rather than a true time delay.
Consequently, a larger array inherently supports a smaller IBW fora given pointing error, leading to signi cant
degradation in the channel's amplitude response. The fundamentasolution is to replace phase shifters with true-
time-delay (TTD) units, which produce a phase shift that varies linearly with frequency to enable dispersion-free
beam steering 1L5].

TTD implementations are typically categorized as either digital or radio frequency (RF). Digital TTD beam-
formers o er the most optimal squint mitigation but are often impra ctical for large arrays due to the high cost and
power consumption of the required element-level RF chains and AD&/DACs [16,17]. As a lower-cost alternative,
analog-digital hybrid beamforming, i.e., the combined use of analog pase shifts and digital weighting with a few
RF chains, is a promising trade-o between fully digital and fully analog beamforming [18,19]. Furthermore, dig-
ital pre-weighting techniques, including intersymbol interference(I1SI) equalization and digital pre-distortion, have
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Figure 1 Phased-array systems based on (a) phase shifters and (b) hyb rid TTD-PS beamforming architecture.

been investigated to address beam squint in millimeter-wave phasedreys for 5G and SATCOM applications [20].
However, despite their exibility, these digital-domain approaches face signi cant challenges when applied to large-
scale arrays with wide instantaneous bandwidths due to the expontial growth in computational overhead, power
consumption, and processing latency. Therefore, implementing TD in the RF domain presents an attractive so-
lution. However, analog TTD circuits su er from low delay accuracy and high power consumption, which limits
their application at the element level [21{26]. To avoid these challenges, analog TTDs can be combined with phase
shifters to form a TTD-phase shifter (TTD-PS) hybrid beamformin g architecture that e ectively mitigates beam
squint while o ering the advantages of low cost, low power, wide IBW, and high beam-pointing accuracy.

This paper presents the construction and testing of a 1024-elenm¢ array, formed by tiling four 256-element Ku-
band subarrays, which utilizes a TTD-PS hybrid beamforming architecture. The primary motivation for this work
is to provide a scalable and cost-e ective pathway toward the realiation of large-aperture phased arrays with wide
IBW. Achieving this goal requires addressing two key engineering chllenges: (1) how to cost-e ectively construct a
large-aperture array and (2) how to perform wideband beam steeng across that large aperture. Regarding the rst
challenge, fabricating a single, monolithic large-scale phased array & complex, low-yield, and expensive process.
In contrast, constructing a larger aperture by assembling multiple standardized, medium-scale subarrays o ers a
more cost-e ective and manufacturable solution P7{30]. To address the second challenge, this work employs a
hierarchical control strategy where TTD units are used betweenthe subarrays for \coarse" steering to compensate
for time delays, while conventional phase shifters provide \ ne" element-level phase control within each subarray.
This approach e ectively suppresses beam squint and thus resolgethe issue of wideband beam steering across a
large aperture. The detailed theoretical analysis, system desigrand experimental results presented in this paper
validate the e ectiveness of this proposed pathway.

This paper is organized as follows. Section 2 details the theoreticabfindation of beam squint and the principles
of the hybrid subarray correction method, and discusses the sysm-level trade-o s, limitations, and implications
of this architecture. Section 3 describes the proposed hybrid atdtecture, detailing the subarrays and the TTD
integrated circuits. Section 4 presents the measurement resultor scan dispersion and error vector magnitude
(EVM). Finally, Section 5 concludes the paper.

2 Analysis and simulations of the wideband phased array

This section analyzes the beam squint behavior of phased-array stems based on phase shifters and a hybrid
TTD-PS beamforming architecture, and provides both quantitative theoretical analysis and extensive numerical
simulation results.

2.1 Phased-array systems based on phase shifters

Consider anM N element phased array, as depicted in Figurel(a), where the center of the m; n)th element is
denoted by (Xmn ; Ymn ). TO steer the array to a scan angle of (o;"' o) at a center frequencyf g, the required phase
shift, mn » applied to the (m;n)th element is given by

fo . .
mn =2 ;0 SiN o (Xmn €OS' o + Ymn SIN' o) ; (1)
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where c is the speed of light in vacuum. As the frequency shifts fromf, to f within the signal bandwidth (fo
f max;fo+ f max), the beam pointing direction ( ;' ¢) can be determined by the following (1):

f sin ¢ cos' s = fgsin ¢cos' g; @

f sin ¢ sin' § = fgsin gsin' o:

Eqg. (2) can be solved as

L= sinf=ff—osin0: 3)
This indicates that the azimuth angle (' ) remains constant, while the elevation angle (;) varies with frequency.
This frequency-dependent shift in the elevation angle is the phenoenon known as beam squint.

Accordingly, the IBW can be de ned as the bandwidth over which this scan angle deviation stays within a
maximum tolerable limit. Letting f = fo+ f max and taking a rst-order approximation for ( 1), the IBW (2 f max),
is given by

Bw 2 _mx fo. (4)
tan o
where  qax can be dened as half of the 3-dB beamwidth of the phased array wen scanned to ¢, or more
stringently, as the 1-dB beamwidth [31].

3dB _ 0:443 . _ 1dB _ 0:262 .
max T T2 7 Ndcos o maxT 2 7 Ndcos o

(5)

By substituting ( 5) into (4), the IBW can be found to be inversely proportional to the length of the phased array
aperture parallel to the scan direction length (L) and the sine of the scan angle (sing) as shown in 6). The
coe cient s a constant ranging from 0 to 0.886, where a smaller value of corresponds to a stricter requirement
for the maximum allowable pointing error (based on the assumption ttat the maximum deviation should not exceed
half of the 3-dB beamwidth). This result highlights the fundamental con ict between aperture size and IBW for
phased arrays operating at wide scan angles.

c
IBW = - : 6
Lsin o ()

For a wideband signal, the scan angle deviation caused by beam squitéads to EVM degradation. This occurs
because the frequency-dependent deviation acts as a Iter with anon- at amplitude response, which imposes an
unwanted amplitude modulation on the signal. This non- at Iter can b e modeled by the phased array's frequency
responseH (f ). The following analysis will evaluate the impact of the H (f ) on EVM. For a uniformly fed phased
array in Figure 1(a), H(f ) at the scan angle of (o;" o) is given by

LD G
H(f)= dtf fO)Amn; (7)

m=0 n=0

where Apn = 230 (x, €OS' o + Ymn SiN' o). For a small relative bandwidth where f=f o 1, H(f) can be
approximated by using a Taylor series expansion and neglecting all tens of higher order, which yields
" #
2

3 P VHEI=(f fo)Amn: (8)

It can be seen that the H (f )'s amplitude is related to the variance of Ay, and exhibits a quadratic variation with
frequency, while the phase response is approximately linear, equilent to a constant signal delay. Evidently, the
amplitude response has a more signi cant impact on the signal's EVM. gnoring the phase-frequency response and
normalizing its amplitude yields

Ho(f)=1 (f fo)% 9)

where = . To evaluate the impact of the Ho(f ) on EVM, assuming the power spectral density of the
QAM signal is constant over the signal bandwidth and the total signal power is Py. The error power of the signal
Itered by Ho(f) is given by

Var( Amn )
2

ZPOB4
80

Pe = : (10)
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The EVM is then given by r
EVM =

P._ "EB?,
Po 20

Thus, it is evident that the EVM increases with the square of the bandwidth and is directly proportional to
the parameter , which is related to the phased array aperture and scan angle. Thefore, the IBW can also be
determined by setting a maximum allowable EVM threshold, a method that is fundamentally consistent with the
de nition in ( 6).

(11)

2.2 Phased-array systems based on hybrid TTD-PS beamformin g architecture

Based on the above analysis, for a xed scan angle and a given bandhth, a larger phased array aperture will
evidently lead to a greater variance inAny , thereby degrading the signal's EVM. To counteract this, the hybrid
TTD-PS beamforming architecture can be employed for phased aay tiling to reduce the EVM and expand the
instantaneous bandwidth.

Consider a phased array antenna composed & Q antenna elements (or subarrays) as shown in Figuré(b),
where the center of each element (or subarray) is denoted byX(,q; Ypq). If the array is steered to a scan angle of
(0;' 0) at a center frequency off o, the required time delay for each element (or subarray) is given by

_ Xpgsin gcos' o+ Ypgsin gsin' o

pq = c (12)
Furthermore, the array factor for the TTD-based phased array is
K11
F(f; 5 )= e? t0 e (13)
p=0 @=0

Xpg Sin cos' + Ypq sinsin'

where = . In the direction of ( ;" o), the peak angle of the array factor is a frequency-
independent constant accordlng to @.3) indicating that the phased array employing TTD units does not su er from
beam squint issues.

However, TTD-based element-level beamforming architecture is ot suitable for large-scale millimeter-wave
phased arrays. This architecture faces two main challenges. (1) Ae discrete nature of path-selecting TTDs limits
their precision. With a typical delay step of 5{10 ps, these TTDs provide an equivalent phase-shift resolution of
only 3{4 bits at 10 GHz. This is signi cantly coarser than the 6 bits or higher resolution of a common phase shifter
and, as a result, degrades the array's beam pointing accuracy. {ZI'TDs exhibit higher power consumption. Unlike
passive phase shifters, which have zero power consumption, emping a large number of TTDs will dramatically
elevate the total power budget P3,32).

Therefore, the hybrid TTD-PS beamforming architecture is the most suitable approach for large-aperture, wide-
band phased array antennas. The IBW of this architecture is deried as follows. Similar to (L3), the array factor
foran M N phased subarray that utilizes phase shifters is given by

D SR
F(f: ;' )= (B mn fOAmn); (14)
m=0 n=0

whereBy, = 2 i‘“ (Xmn €OS' + ymn Sin' ). The array factor of the tiled array, consisting of P Q subarrays, is
therefore

Fr(f, ;" )= Fe(f; 5" )R 5 ): (15)

In the direction of ( o;' o), EQ. (14) can be simpli ed to (7), which implies that the IBW of the tiled array is equal
to the IBW of the single subarray. In other words, the TTD-PS hybrid architecture enables aperture expansion by
using TTDs to scale up PS subarrays, without sacri cing IBW.

2.3 Numerical simulation results

The theoretical conclusions derived above are validated throughtie numerical simulation results presented in this
subsection.

Figure 2 provides a visualization of the beam squint phenomenon and validate#s theoretical model as presented
in (3), whereU =sin cos' andV =sin sin' . The numerical simulations were performed for a 32 32 element
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scan angles. (a) Normalized amplitude response; (b) phase r esponse versus normalized frequency.

phased array with 12 mm spacing, steered to (6Q 45 ) at 11.7 GHz, and include the e ect of 6-bit phase shifter
quantization. This gure illustrates the e ect across three di ere nt instantaneous bandwidths: 200 MHz (BW1),
800 MHz (BW?2), and 2000 MHz (BW3). The 2D far- eld patterns show that as the bandwidth increases, the beam
becomes progressively more dispersed in the elevation direction whilemaining constant in the azimuth plane.
This angular shift is quanti ed in the 1D pattern cuts, where the peak of the beam for frequencies at the band
edges shifts signi cantly away from the center frequency's peak.As shown in Figure 2(g), the simulated result
(yellow curve) shows excellent agreement with the theoretical prdiction calculated from (3) (blue curve); both of
these deviate substantially from the target of 60.

Figure 3 presents the accuracy of the approximated frequency respoasmodel given in @) by comparing it
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with an 800 MHz bandwidth at a 60 scan angle. (c) Simulated and theoretical EVM as a function o f bandwidth for the PS architecture

(64QAM, at 60  scan).

against the exact model from ). The gure plots both the amplitude and phase of the frequency responseH (f )
as a function of normalized frequencyf=f o for three di erent elevation scan angles (0, 30, 60 ). An explicit
agreement is observed between the exact and approximated molde particularly near the center frequency. This
indicates that using the simpli ed model from (8) to analyze the IBW is both e ective and accurate.

Figure 4 demonstrates the signi cant performance improvement of the hyrid TTD-PS architecture and vali-
dates the theoretical EVM model. The primary objective of the simulation in Figure 4 is to isolate and quantify
the theoretical EVM degradation explicitly caused by the beam squirt e ect, thereby decoupling it from other
impairments such as thermal noise or gain variations. Consequentjyan ideal channel with in nite SNR is assumed,
and the system gain is normalized. The constellation diagrams in Figure4(a) and (b) show that under challenging
wideband (800 MHz) and wide-angle (60) conditions, the PS architecture fails with a high EVM of 10.67%. In can-
trast, the hybrid TTD-PS system maintains excellent signal quality with a low EVM of 2.73%. Figure 4(c) further
evaluates the PS architecture, demonstrating that the simulatedEVM follows the same trends as the theoretical
predictions within the bandwidth. Although slight numerical o sets e xist due to the mathematical approximations
in (8) and (10), the strong correlation between the curves validaes the e ectiveness of the analytical model in (11)
for characterizing beam squint-induced EVM degradation.

Figure 5 shows far- eld patterns for a 32 32 phased array (tiled from 16 16 subarrays) with an 800 MHz
bandwidth at 11.7 GHz, comparing two architectures. The pattern for a conventional phase-shifter-only phased
array, shown in Figure 5(a), exhibits signi cant beam squint, where the pointing direction shifts with frequency.
In contrast, the pattern for the proposed hybrid TTD-PS archit ecture in Figure 5(b) shows that the beams at all
frequencies are tightly aligned, con rming that subarray-level TT Ds e ectively mitigate beam squint. However,
using too few subarrays (in this case, 2 2) leads to a moderate increase in sidelobe levels. The fundamentaduse
of the elevated sidelobe level lies in the spatial-frequency misalignméibetween the PS subarray factor and the
grating lobes of the TTD-based array factor. Speci cally, the PS aubarray factor decays relatively slowly away
from its peak. In a2 2 con guration, the TTD-based array factor grating lobes are extremely broad due to the
limited number of subarrays. At o -center frequencies, while the PS subarray factor main beam squints and shifts
its position, the wide TTD-based array factor grating lobes fail to provide su cient attenuation. Consequently, the
product of the shifted PS subarray factor peak and the broad TTD-based array factor grating lobe remains high,
manifesting as a signi cant sidelobe. By increasing the number of sufrrays, the TTD-based array factor grating
lobes become signi cantly narrower. They are separated by interrediate nulls, which e ectively Iter the squinted
subarray energy and realize a low SLL (below 12 dB, 8 8) as shown in Figure5(d).

3 Design of the 1024-element wideband phased array

3.1 Design of the Ku-band subarray

The Ku-band antenna unit designed in this work is a stacked microstip patch antenna, chosen for its wide bandwidth
and low-pro le characteristics. The simulation model of the unit cell in an in nite array environment is depicted in
Figure 6(a). The designed stacked patches are fed from below via couplindats. The unit cell is surrounded by a
fence of metallic vias, forming a structure analogous to a soft or hal surface, designed to suppress surface waves.
This suppression is intended to prevent scan blindness and improvene active matching performance, particularly at
wide scan angles. The simulation employed periodic boundary conditios(master/slave) on the sides of the airbox
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and a Floquet port excitation from the top to emulate the in nite arr ay environment. Figure 6(b) presents the
simulated active VSWR results for both ports. The results show thematching performance at broadside ( =0 )
and at a wide scan angle ( = 60 ) in two principal planes ( =0 and =90 ). Within the target Ku-band
operating range (10.7{12.75 GHz), the active VSWR generally remais below 3 for all scan conditions, indicating
acceptable matching performance for both polarizations acrosshe required bandwidth and scan angles.

The 16 16 Ku-band subarray employs a highly integrated architecture reéized on a multilayer PCB using
high-density interconnection (HDI) technology, as shown in Figure6. The block diagram in Figure 6(c) depicts
the hierarchical structure: the array is partitioned into 2 2 blocks, each controlled by a beamformer IC (grey
squares) receiving signals received by the antenna units. These &mformer outputs are then combined through
a Wilkinson network (red circles). This con guration allows for precise element-level phase control. The physical
implementation is detailed in the PCB stack-up shown in Figure 6(d), which comprises approximately 16 layers
(L2{L16). The antenna elements, aperture-coupled stacked p&hes (\coupled patch" on L15, L16, feeding slots
on L14), are implemented in the L12{L16. RF and other componentsare surface-mounted on the top layer (L1),
connected through vertical transitions to the antenna feeding lgers (L13) and the internal RF combining network
layers (L2). Dedicated ground layers (GND) are strategically placel to isolate the sensitive RF paths from the
digital control and power distribution layers situated in the middle (L 4{L9). Buried resistors are used within the
RF network layers (L1{L3) to achieve a high-isolation design. The erire stack-up achieves high integration density
within a low-pro le structure suitable for larger arrays.

The G/T performance of the 256-element subarray is estimated. Bsed on the 12 mm 12 mm unit cell area,
the calculated element directivity (D ynit ) at the 11.7 GHz center frequency is approximately 4.4 dB, leading taan
ideal total directivity ( Dgyp) of about 28.5 dB for the subarray. Assuming a feed network and atenna loss () of
0.5 dB, the estimated realized gain is approximately 28.0 dB. The syst@ noise temperature (s) is calculated
following the methodology described in §]. This calculation considers the noise gure §o) of 2.0 dB from the
beamformer, thermal noise from the feed lossl(; = 0:5 dB at Ty = 300 K), and uses the speci ed antenna noise
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Figure 7 Con guration of the tiled phased array based on the hybrid TT D-PS architecture. The tables summarize the key speci cati ons of

the TTD IC and the Ku-band subarray.

temperature (Tay = 40 K). Based on these parameters and a reference temperatarTy = 290 K, the resulting
subarray G/T at 11.7 GHz is estimated to be approximately 4.18 dB/K. Figure 6(e) presents the measured G/T of
the subarray, showing that the results at Ty, = 40 K match closely with our theoretical estimations.

3.2 Design of the wideband phased array based on hybrid TTD-P S hybrid beamforming

To validate the preceding analysis in Section 2, a Ku-band tiled phasedirray based on the hybrid TTD-PS archi-
tecture was designed and fabricated, with its con guration and ke/ components shown in Figure7. As illustrated
in the block diagram in Figure 7, an Artix FPGA on the antenna control unit (ACU) board generate s the control
logic for the system. Four TTD integrated circuits provide the \coarse" subarray-level beam steering delays to four
corresponding 16 16 Ku-band subarrays (ANTO{ANT3). The TTD chip used in this setu p is an improved version
based on our prior work P2,23]. The key speci cations of the TTD and subarrays are summarized inthe table.
Figure 8(a) depicts the topology of the TTD RFIC utilizing a path-selecting ar chitecture. Fabricated in 65-nm
bulk CMOS, the packaged TTD RFIC occupies a total area of 2.6 mm 5.15 mm. Powered by a 3.3-V power
supply, the circuits consume a maximal power of 0.8 W. Two-port S-prameters are measured on a vector network
analyzer (VNA), using two ground-signal-ground (GSG) probes. As shown in Figure8(b), a measured delay tuning
range up to 1 ns is achieved with 7-bit delay precision across 5{34 GHzThe measured group delay (GD) RMS
error is less than 2.5 ps within the 10.7{12.7 GHz. Both gain and delay vaations do not impact the normalized
pattern signi cantly [ 23]. As shown in Figure 8(d), the noise gure is above 30 dB, which degrades the G/T of the
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Figure 8 (a) Block diagram of the TTD IC; (b) measured GD; (c) measured gain; (d) measured noise gure (NF); (e) measured IP1dB of th e
TTD IC.

Figure 9 Photograph of the assembled 1024-element tiled phased arra y. (a) The overall 32 32 array composed of four 16 16 subarrays
(ANTO-ANT3); (b) a zoomed-in view of a single 16 16 subarray.

phased array, but in the comparative analysis between the TTD-PSand the PS-only architectures, the impact of
the TTD's noise was consistently accounted for in both scenarios. Dring the measurements of the PS-only case,
the TTD ICs were not bypassed; instead, they were set to a xed,identical state. As shown in Figure 8(e), the
TTD IC's measured IP1dB of 2 dBm ensures the system operates gttly within its linear region.

Figure 9 provides a detailed photographic view of the fabricated array fror panel. Figure 9(a) illustrates the com-
plete 32 32 element array, which is modularly constructed by tiling four 16 16 Ku-band subarrays, labeled ANTO
through ANT3. This modular approach allows for scalable array desigs. Figure 9(b) o ers a magni ed perspective
of one such 16 16 subarray, revealing the individual radiating elements and their arangement. Figure 10(b)
provides an overview of the entire ACU, clearly indicating the centrd Artix FPGA responsible for generating all
control logic, and the four TTD integrated circuits. These TTDs ar e crucial for providing the coarse delay steering
for each subarray. A magni ed view in Figure 10(a) focuses on these TTD ICs and their associated 1-to-4 Wilkinson
power combiner network. This network e ciently splits the TTD's out put to feed the individual RF input ports of
a 16 16 subarray. The compact integration on the PCB is evident, emphaizing the miniaturization and e ciency
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Figure 10 Photographs of the ACU board with integrated TTDs. (a) A zoom ed-in view of TTD ICs and their 1-to-4 power combining networ k;
(b) an overview of the entire ACU board.

of the control circuits.

Before experimental validation, a two-stage calibration is perforned on the phased array antenna. First, an
element-level calibration is conducted within each of the four 16 16 subarrays to correct for phase and amplitude
variations across the individual radiating elements. After that, a subarray-to-subarray calibration is performed to
ensure phase coherency across the entire 1024-element apeetucompensating for path length di erences in the
RF feed network and any systematic phase deviations from the TTDunits are pre-compensated during the two-
stage calibration process using measured look-up tables. Furtherore, a speci c compensation scheme is required
to address the coarse resolution of the TTD ICs. The TTD has a delg step of 8 ps, which, at the system's
center frequency of 11.7 GHz, corresponds to a signi cant phasquantization step of approximately 33.7 . This
is equivalent to a phase shifter with less than 4 bits of resolution and isnsu cient for precise beam steering. To
overcome this limitation, the TTD quantization residue is compensated for by applying a synchronized uniform
phase o set to all phase shifters within the corresponding subaray. This strategy e ectively leverages the element-
level ne-resolution phase shifters to \ ne-tune" the coarse delay steps of the TTD units, ensuring precise beam
pointing and the suppression of quantization-induced distortions vithout the need for additional PS stages.

4 Measurement results and discussions

All measurements on the tiled phased array demonstrated in the pevious section were performed in a microwave
anechoic chamber. The experimental setups are shown in Figurél. Two experimental setups were used for
measuring. The con guration for far- eld radiation pattern meas urement and calibration, shown in Figure 11(a),
utilizes a VNA to measure the phased array's S-parameters. For EW evaluation, the setup is recon gured as
shown in Figure 11(b). In this case, the VNA is replaced with a Keysight vector signal generator to transmit the
modulated signals and a UXA signal analyzer to receive and analyze #m. In both scenarios, the phased array is
controlled by a PC via the ACU and powered by a DC supply.

Figure 12 presents the measured radiation patterns that experimentally vdidate the e ectiveness of the hybrid
TTD-PS architecture in mitigating beam squint. The top row (a){(c) shows the performance of the PS-only array,
where signi cant beam squint is evident at wide scan angles of 45and 60 . In contrast, the patterns for the
proposed TTD-PS architecture, shown in the bottom row (d){(f), remain tightly aligned and stable across the
entire 800 MHz bandwidth, even at the 60 scan angle. This directly demonstrates that the subarray-level TTDs
successfully compensate for the beam squint e ect, con rming tke hybrid architecture's advantage for wideband,
wide-scanning phased arrays. However, a slight elevation in the sittgbe levels is observed, which is consistent
with the simulation results, as shown in Figure 5(b). This e ect would be diminished in larger arrays with more
subarrays, such as 4 4 or 8 8 con gurations [22].

The measured EVM performance comparison between the hybrid TD-PS and conventional PS-only architec-
tures at a 60 scan angle is shown in Figurel3. The EVM versus input power plot for 64QAM signals shows
that the TTD-PS architecture consistently achieves signi cantly b etter performance than the PS architecture. The
corresponding constellation diagrams provide a stark visual con mation: for a 600 MHz wideband signal, the
PS phased array's constellation is completely dispersed (EVM< 7% @600 MHz, 64QAM), while the phased ar-
ray maintains a clean, well-de ned constellation (EVM < 2% @600 MHz, 64QAM). It is worth mentioning that
in the noise-limited region (< 10 dBm), the EVM curves exhibit minor uctuations due to measurement uncer-
tainty near the noise oor, but the 400-MHz signal demonstratesa distinctively lower EVM oor compared to the
600 MHz case, verifying that the narrower bandwidth experienceseduced beam squint e ects. The reported EVM at
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Figure 11 Experimental measurement setup in the anechoic chamber. (a ) Radiation pattern measurement setup; (b) EVM measurement
setup.

Figure 12 Measured normalized patterns comparing the PS architectur e with the hybrid TTD-PS architecture. The top row (a){(c) sh ows
the PS-only results, while the bottom row (d){(f) shows the T TD-PS results at scan angles of 0 , 45 , and 60 across an 800 MHz bandwidth

(11.3{12.1 GHz).

600 MHz was constrained by the Keysight N9048B UXA signal analyze while the array's true IBW is greater than
800 MHz. These results demonstrate that the hybrid architectue's mitigation of beam squint directly translates into
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Figure 13 Measured EVM performance EVM vs. input power for an (a) 400/6 00 MHz, 64QAM; (b) corresponding constellation diagrams fo r
various test cases at best power-level, visually demonstra ting the signal quality improvement.

Table 1 Comparison of the state-of-the-art wideband phased arrays

This work [ 2] [21] [28]
Beamforming architecture TTD-PS PS TTD-PS PS
Frequency (GHz) 10.7{12.75 17.7{20.2 220{250 80{100
Phased array area 15 15 14 14 1 0:5 15:1 9:6
Relative IBW (%) 6.8 2.1 12.8 2.8
EVM < 2% @600 MHz, 64QAM, 60 { { < 10% @2500 MHz, 16QAM, 10
Beam pointing error 1:00 @800 MHz, 60 2:23 @400 MHz, 60 1.25 @30 GHz, 54.6 {

an improvement in signal quality, enabling wideband, high-order moduation. Table 1 compares the performance
of the proposed wideband phased array with others. It is evident hat our hybrid TTD-PS architecture achieves a
superior balance of a large electrical aperture, wide IBW, and EVM under wide-angle scanning conditions.

5 Conclusion

This paper theoretically and experimentally validates a hybrid TTD-PS beamforming architecture that e ectively
suppresses beam squint in large-aperture, wideband phased apa On a 1024-element array based on four 256-
element subarrays and four TTD ICs, this architecture reduced he maximum beam pointing error across an
800 MHz bandwidth at a 60 scan angle from 3.5 to 1 . This improvement in beam stability led to a signi cant
enhancement in communication quality, with the EVM of a 64QAM signal improving from an unacceptable < 7%
to <2%. These results con rm that this low-cost, hybrid approach o ers a scalable and high-performance solution
to the inherent con ict between large apertures and wide bandwidhs, paving the way for next-generation satellite
communication and radar systems.
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