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Abstract—A true time delay (TTD) beamforming network is
proposed from an RF signal processing time-delay block (TDB),
which is composed of an RF Hilbert transformer and a tunable
transmission line. Here, the RF Hilbert transformer in TDB
rotates the electromagnetic waveform by 180◦ directly in the
analog domain without changing its magnitude. To extend the
tunable time-delay range, multiple TDBs are cascaded to form
a true time-delay network (TDN), realizing the desired time-
delay range for a 360◦ phase change. The theoretical analysis is
conducted to explain the RF signal processing TTD and the total
time-delay range of TDN. A 1×4 true TDN prototype operating
at WiFi frequencies is designed, fabricated, and tested to validate
the design concept, and its radiation pattern is measured with
integration of a microstrip patch antenna array. The measured
beam steering network covers a range of approximately ±45◦
with minimal beam squinting and variation in the gain. All the
simulation and measurement results align well with each other
to validate the proposed TTD design topology.

Index Terms—RF signal processing, true time delay (TTD),
tunable time delay, WiFi phased array.

I. INTRODUCTION

PHASED arrays play important roles in wireless sys-
tems to achieve high directivity and gain by controlling

the phases and magnitudes of waveforms, and beamforming
phased array caters to the need for high data rate transmission
and interference management in current 5G/NextG, radar,
drone systems, and wireless sensing applications. In emerg-
ing wireless technologies, wide instantaneous bandwidths are
pursued to support high data throughput and large amount
user coverage, which raise many challenges for phase-shifting-
based phased array implementation either in digital domain
[1], [2], [3], [4] or analog RF domain [5], [6], [7], [8], [9],
[10], [11]. Typically, in phase-shifting-phased array design,
beam-squinting error and array intersymbol interference are
the most critical obstacles for wideband phased array system
design using the progressive phase offset method, where the
phase shifts depend on frequency variation. To address these
issues, true time delay (TTD) phased array is proposed to
replace progressive phase delay feeding in antenna arrays, and
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Fig. 1. Proposed tunable TTD phased array feeding network designed from
RF signal processing.

RF time delay [12], [13], [14], [15], [16], [17], [18], baseband
time delay [19], and photonics-aided time delay [20], [21],
[22], [23] have been studied to generate frequency-independent
radiation pattern without gain loss and distortion in spatial and
temporal resolutions.

Different from previous work, in this article, a waveform
domain RF signal processing methodology is invented to
achieve TTD in a wide frequency band by integrating a
coupler-resonator-based Hilbert transformer with a tunable
transmission line. This RF signal processing true-time delay
network (TDN) is passive, low-loss, continuous, and easy
to scale up, which can be applied both in transmitting and
receiving channels. As shown in Fig. 1, the proposed TTD
beamforming network consists of an RF power divider and
true TDNs, and each TDN further contains multiple time-
delay blocks (TDBs), which are composed of an RF Hilbert
transformer and a tunable transmission line in a cascade
manner. Here, the RF Hilbert transformer in each TDB rotates
the RF waveform 180◦ directly in its analog domain without
changing its magnitude, and the tunable transmission line
allows the tunability of the TTD. The modular design of the
TDBs and their integration into TDNs enable their scalabil-
ity and flexibility, making the system adaptable for a wide
range of applications, including high-data-throughput wireless
communication, advanced radar systems, and drone systems.
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In addition, the TDB and TDN are implemented from passive
components, allowing the proposed TTD phased array to be
either a transmitting array or a receiving array.

This article is presented as follows. First, the theoretical
analysis for TDB and TDN is carried out in Section II to
determine the time delay in the proposed beamforming phased
array. In Section III, a four-channel RF signal processing
TTD phased array is designed, fabricated, and validated in
simulation and experiment to align with the design concept.
By connecting to a patch antenna array, the radiation pattern
of the proposed TTD phased array is measured in an antenna
chamber, and the measured results show a beam steering
range of approximately ±45◦ with minimal gain variation,
validating the effectiveness of the proposed true delay beam-
forming network. In Section IV, it concludes the proposed
design is concluded and discusses future work and potential
applications.

II. DESIGN THEORY OF RF SIGNAL PROCESSING
TRUE TDN

As in Fig. 1, our proposed tunable TDN is designed from
an RF signal processing tunable TDB, which is composed of
an RF Hilbert transformer and a tunable delay line. Based
on the phase response of TDB, multiple TDBs are cascaded
to realize a large tunable time-delay range across the wide
frequency band, and two-channel control voltages are applied
to continuously configure the time delay, achieving a wide
beam scanning angle.

A. Time Delay of RF Signal Processing True TDN

As shown in Fig. 2, the RF Hilbert transformer is a key com-
ponent in TDB, which is designed using a rat-race coupler and
resonating feedback transmission line as discussed in [24] and
[25]. From signal flow analysis as shown in Fig. 2(a) and (b),
the transfer function of the coupler-resonator-based Hilbert
transformer can be derived as

S HBT21 = S 21 +
S 31S loopS 24

1 − S 34S loop
. (1)

Fig. 2(c) shows the explanation of the signal flow analysis in
each branch. In the first step, the feedback loop is simplified,
which forms a series connection with S 31 and S 24. The
equivalent circuit then forms a parallel connection with the
S 21. The phase introduced by the lossless transmission can
be substituted as e− jθ in (1). The finalized transfer function
in (2) can be used to calculate the total phase rotation of the
coupler-resonator-based RF Hilbert transformer, given by (3)

S HBT21 = e− jθ21 +
e− jθ31 e− jθloop e− jθ24

1 − e− jθ34 e− jθloop
(2)

ϕHBT21 = ∠
˚
S HBT21

	
. (3)

In order to tune the phase of RF Hilbert transformer, a
tunable delay line is cascaded with Hilbert transfer as shown in
Fig. 3. The tunable delay line (Z0, θD) in Fig. 3 is implemented
by cascading two identical transmission line sections (Zα, θα)
in series along with three short-ended shunt varactors at input,
output, and center, respectively [26], which are denoted as C1

Fig. 2. (a) Transmission line RF Hilbert transformer circuit. (b) Signal
flowchart of the RF Hilbert transformer. (c) Detailed signal flow analysis
of the RF Hilbert Transformer.

Fig. 3. Schematic of tunable TDB.

and C2 in Fig. 3. From the analysis, the ABCD matrix of
the tunable line is derived by cascading the ABCD matrix
of the shunt capacitors and series transmission line given by
following equations:�

AC1,C2 BC1,C2

CC1,C2 DC1,C2

�
=

�
1 0

jωC1,2 1

�
(4)
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Fig. 4. Tunable time delay from RF signal processing. (a) Frequency and
phase response of ideal TDB. (b) Tunable time delay difference range of
TDN with difference cascaded TDBs.�

AL BL

CL DL

�
=

�
cos θa jZa sin θa

jYa sin θa cos θa

�
(5)

where Za and θa are the characteristic impedance and the
electrical length of the transmission line between the shunt
capacitors�

ATL BTL
CTL DTL

�
=

�
1 0

jωC1 1

��
cos θa jZa sin θa

jYa sin θa cos θa

�
×
�

1 0
jωC2 1

��
cos θa jZa sin θa

jYa sin θa cos θa

�
×
�

1 0
jωC1 1

�
. (6)

By matrix multiplication, ATL, BTL,CTL, and DTL are given in
the following equations, (7)–(10), respectively,

ATL = cos 2θa − 0.5 sin 2θa (2ωZaC1 + ωZaC2)

+ ω2C1C2Z2
a sin2 θa (7)

BTL = jZ sin 2θa − jωC2Z2
a sin2 θa (8)

CTL = jωC1 cos 2θa +
j sin 2θa

Za
+ jω (C1 + C2) cos2 θa

+ jωC1 ×
�
C1C2ω

2Z2 − 1
�

sin2 θa

− j0.5ω2Za
�
2C2

1 + C1C2 + C2
�

sin 2θa (9)
DTL = ATL. (10)

From the ABCD parameter, we get the S 21 of the tunable line
as

S TL21 =
2

ATL + BTL
Zo

+ CTLZo + DTL
(11)

ϕTL21 = ∠
˚
S TL21

	
. (12)

The total time delay introduced by each TDB can be calculated
using the time delay of the RF Hilbert transformer and tunable

Fig. 5. Schematic of 1 × 4 True TDN.

transmission line in cascade, which is derived in (13). By
controlling the capacitance ranges of two diodes, the time
delay can be tuned

TTDB =

�
ϕHBT21

360 × f

�
+

�
ϕTL21

360 × f

�
(13)

where ϕHBT21 and ϕTL21 are the phase responses of the Hilbert
transformer and tunable delay line, respectively, and f is the
operating frequency. Fig. 4(a) (left) shows the transmission and
reflection response, where the horizontal axis is normalized by
the center operating frequency f0, and Fig. 4(a) (right) shows
the phase response of the ideal TDB and the transmission
line with different time delays. The phase response of ideal
transmission lines with different time delays shows different
slopes as plotted in a dashed line in Fig. 4(a) (right). The
phase response of TDB with different time delays shows
the same slope with a constant offset across the frequency
band, realizing a frequency-independent TTD characteristic.
Fig. 4(b) shows the time delay difference between the two
tunable TDN plotted across the frequency band. Here, the
negative time delay indicates that the second TDB heads
up from the first TDB. As shown in different line plots in
Fig. 4(b), the range of single tunable TDB is about ±0.07 ns,
which is about ±60◦ progressive phase difference between
two TDB at the operating frequency of 2.4 GHz. To extend
the tuning range of tunable time delay, multiple TDBs are
cascaded to form TDN. As shown in Fig. 4(b), cascading two
and three TDB, the tunable time delay difference range can
reach to range of ±0.14 and ±0.21 ns, respectively. At the
same time, it is observed that the bandwidth of TDN is smaller
for a large number of cascaded TDBs. From Fig. 4(b), it is
clear that the tradeoff between time-delay range and bandwidth
is a key design parameter for practical design. The bandwidth
is mainly limited by the transmission line implementation of
RF signal processing TDB, especially with a rat-race coupler
and resonating transmission line feedback. To expand the
frequency bandwidth, a wideband rat-race coupler can be
designed and integrated into an RF Hilbert transformer, which
can be further discussed in future work.

B. 1 × 4 True TDN Design

With the analysis of TDB and TDN, a 1 × 4 RF signal
processing true TDN is designed from four TDN networks,
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Fig. 6. (a) RF Hilbert transformer response at different coupling coefficient
magnitudes |S 24 |, where f0 is the normalized center frequency. (b) Simulated
phase response of the True TDNs.

where each TDN is further composed of three true-TDBs as
shown in Fig. 5. The Hilbert transformer in TDB and TDN
processes the signal directly in the waveform domain to enable
phase response slope adjustment, realizing a constant phase
offset between two TDNs in a wide frequency range. Fig. 6(a)
shows that the transmission line-based Hilbert transformer
processes the RF signal to achieve its phase rotation by
controlling the coupling coefficient |S 24| in (1). Fig. 6(b) shows
the phase responses of two TDNs for a center frequency of
2.4 GHz, where the constant offset (∆θ1 = ∆θ2) phase between
two TDNs across the band enables TTD in a wide frequency
range. This offset can be controlled and tuned by using the
tunable transmission lines in TDNs. The output from each
TDN is fed into the antenna array, and the time delay in each
channel is electronically controlled using an external dual-
voltage supply. The total time delay (Ttotal) for each TDN
chain is the sum of the delays introduced by the individual
TDBs within that channel, given by the following equation,
where the TTDBj is the time delay introduced by each TDB:

Ttotal = TDB1 + TDB2 + TDB3 (14)

TTDNi =

3iX
j=3i−2

TDB j, (i = 1, 2, 3, 4) . (15)

III. IMPLEMENTATION OF PROPOSED TRUE TDN

A. True TDN Measurements

To validate our design concept, a four-channel TTD phase
array feeding network is designed from the proposed TDN,
where each channel contains three cascaded TDBs, realizing
±0.21-ns tunable time delay for a full beam steering angle of
±45◦ at 2.4 GHz. The schematic of the four-channel TDN pro-
totype and its design parameters are shown in Fig. 7(a). Here,
Z1,Z2,Z3, θ1, θ2, and θ3 represent the impedances and electrical
lengths of the transmission lines in the RF Hilbert transformer.
Similarly, Za and θa represent characteristic impedance and
the electrical length of the transmission line between two
varactors in a tunable transmission line. The design values
for transmission lines and lumped elements are given in
Fig. 7(a). The circuit is fabricated on RO4350B substrate
(εr = 3.66, tan δ = 0.0031) with a thickness of 0.51 mm
and copper cladding of 35 µm. The prototype is shown in
Fig. 7(b), and the size of the fabricated circuit is 137 × 125
mm. The varactor diodes MA46H120 are used to tune the
capacitances in (6) and, consequently, the phase of the tunable
delay line. RF chokes and dc blocks are designed to bias

Fig. 7. Experiment validation of the proposed RF signal processing true
time-delay array. (a) Prototype model and design parameters. (b) Fabricated
a prototype of a four-channel TDN. (c) Experimental setup for validation of
the prototype.

the varactors. A four-way power splitter (WP4U+) is used
at the input port to split the RF signal equally among all
four tunable TDN chains. The input signal is fed through
the subminiature version (SMA) connector, and the outputs
are transferred through ultraminiature coaxial connector (UFL)
connectors to the antenna array.

The four tracks after the power splitter are phase-matched
to ensure each channel has equal phase at the input of TDN.
Fig. 7(c) shows the experiment setup, where the circuit is con-
nected to a dc voltage supply for controlling the varactor diode,
and the frequency response is measured using a Keysight
FieldFox vector network analyzer. The EM simulation and
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Fig. 8. Simulated and measured results of the proposed true time-delay array.
(a) Magnitude response of transmission. (b) Magnitude response of return loss.

measurement results are summarized in Fig. 8. Specifically,
Fig. 8(a) presents the transmission of each TDN, with port
names indicated in Fig. 7(b). The simulated transmissions are
plotted in a solid line, and the measured transmissions are
plotted in a dashed line. The overall in-band transmission loss
is around 9 dB, including approximately 6.5-dB loss from the
four-way power divider. The return losses are better than 10 dB
across the frequency band, as shown in Fig. 8(b). A slightly
higher insertion loss observed in the measured response is
primarily attributed to the output subminiature push-on (SMP)-
to-SMA cable losses. In addition, Fig. 9(a) shows the time
delay difference between TDN2 with reference to TDN1. The
time-delay response is obtained with a step of 60◦ at the oper-
ating frequency of 2.4 GHz. The negative time delay indicates
that the delay is introduced in the TDN2 relative to the first.
Similarly, Fig. 9(b) and (c) shows the time delay difference of
TDN3 and TDN4 with reference to TDN1, respectively. Slight
distortions in time-delay response are primarily attributed to
modeling accuracy, fabrication tolerances, and the laboratory
assembling process of surface mount components with a small
pad size. Additional contributions come from measurement
tolerances, especially in the junction of the UFL to the SMA
connector.

B. Radiation Pattern Measurements

The TTD achieved at the output of four channels of the
TTD circuit is fed into a 4× 1 microstrip patch antenna array
through UFL–UFL cables to measure the radiation pattern
for beamforming application. Each antenna element in the
array consists of two series-fed microstrip patches, where the
patch widths and inset feed are adjusted to match 50 Ω.

Fig. 9. Tunable time-delay response across the frequency band of (a) TDN2,
(b) TDN3, (c) TDN4.

Fig. 10. Measurement setup and results. (a) Measurement setup for antenna
return loss and radiation pattern. (b) Antenna return loss results (left). Antenna
radiation pattern results (right).

The spacing between antenna elements is λ/2 at the center
frequency. Fig. 10 shows the experiment setup and measured
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Fig. 11. Experimental setup for the radiation pattern measurement.

TABLE I
BEAMFORMING ANGLE AND THE CORRESPONDING

VOLTAGES AT EACH TDN

results of the antenna element in the phased array. Specifically,
Fig. 10(a) shows the experimental setup for the return loss and
the radiation pattern measurements. Fig. 10(b) (left) shows
the simulated and measured return loss of each antenna,
which is less than 10 dB across the operating band, and
Fig. 10(b) (right) plots the simulated and measured radiation
patterns of each antenna element in the array, showing a gain
of approximately 7.8 dBi. The antenna array is fabricated
on RO4350B substrate (εr = 3.66, tan δ = 0.0031) with a
thickness of 0.76 mm and copper cladding of 35 µm. The size
of the antenna array is 150 × 260 mm. The designed antenna
array has a gain of approximately 13.1 dBi at the operating
frequency of 2.4 GHz. Fig. 11 shows the experimental setup
using the MVG Starlab anechoic chamber for measurement
of the radiation pattern. The measurement setup shows the
antenna PCB at the top and the TTD PCB at the bottom
assembled through plastic screws. The TTD PCB is connected
to Keysight dc power supplies E36313A to control TTD and
the beam angle. Table I shows the beamforming angles and
their corresponding control voltages.

Fig. 12. Experiment validation of the beamforming circuit. (a) Radiation
pattern measurements at 2.35, (b) 2.40, and (c) 2.45 GHz.

The measured radiation pattern from the anechoic chamber
is post-processed in MVG Wave studio, and the data is
plotted on MATLAB as shown in Fig. 12(a)–(c). The figures
present a comparison between the measured and simulated
results of gain versus beam angle. Fig. 12(a)–(c) shows
the test results at frequencies 2.35, 2.4, and 2.45 GHz,
respectively, to validate the TTD concept and confirm the min-
imal variation in beam direction with frequency, confirming
the frequency-independent steering performance. The central
beam corresponds to a beam angle of 0◦ when equal voltages
are applied to all four chains. To steer the beam, the voltages
are varied between 1 and 19 V. Different combinations of
voltages and beam angles are given in Table I. As per the
results, the measured data show agreement with the simulated
data, validating the design theory of TTD, where the radiation
pattern and beam angle are approximately the same in the
frequency band.

C. Modulated Signal Measurements for WiFi Application

To evaluate the system-level performance of the proposed
true TDN, the error vector magnitude (EVM) and I/Q con-
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TABLE II
COMPARISON BETWEEN EXISTING TRUE TDNS

Fig. 13. Measurement setup. (a) Test setup connections. (b) Experimental
setup.

stellation measurements are performed. These experiments are
particularly important for WiFi and 5G/NextG applications,

where higher-order modulation schemes require high linearity
with less signal distortion. The signal quality transmitted
through the proposed system is examined under different
operating frequencies and beam steering conditions to validate
its suitability for practical wireless communication scenarios.
Fig. 13 shows the measurement setup for the modulated signal
applied to the proposed TTD phased array. The I/Q modulated
signal is generated using a Keysight N5172B signal generator,
fed into the true TDN, and radiated through the antenna array.
The radiated signal is received by another antenna array and
passed through the TDN to a Keysight FieldFox network ana-
lyzer. FieldFox is connected to the VSA software on a PC via
Ethernet. The received signal is measured, and the I/Q constel-
lation results for different modulated signals are shown in Figs.
14 and 15, where the measured EVM is approximately 4.1%
for 64-quadrature amplitude modulation (QAM) and 3.2% for
256-QAM, demonstrating reliable modulation accuracy even
for higher-order constellations. Fig. 14 shows the impact of
beam steering for signal quality at a fixed frequency of 2.4
GHz for three modulation types: 16-QAM, 64-QAM, and 256-
QAM. For 16-QAM as shown in Fig. 14(a), the constellation
points are well-defined and retain a square structure across all
tested beam angles (±40◦,±20◦, and 0◦), showing an EVM of
4.3%. For 64-QAM as shown in Fig. 14(b) and 256-QAM as
in Fig. 14(c), some dispersion appears at large steering angles,
but the constellation remains structured with an EVM of 4.1%
and 3.2%, respectively, suggesting a modest degradation in
signal quality due to increased angular offsets. Fig. 15 presents
the effect of operating frequency on the constellation at a
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Fig. 14. Constellation measurement results at different beam angles:
(a) 16-QAM, (b) 64-QAM, and (c) 256-QAM.

fixed beam direction, tested at 2.35, 2.40, and 2.45 GHz. For
16-QAM as shown in Fig. 15(a), the constellation remains
gathered with EVM of 3.7% across the entire frequency
range, implying frequency stability of the proposed design.
For 64-QAM as in Fig. 15(b), and 256-QAM as in Fig. 15(c),
slight spreading is noticeable with EVM of around 3.9% and
3.1%, respectively. The EVM measurement of the proposed
TTD phased array system has a small degradation, which is
mainly caused by the insertion loss of passive TDN, ripples
from cascaded tunable transmission line sections, and varactor
nonlinearity. The degradation can be further improved by
reducing insertion loss and return loss, and an additional
calibration process. Overall, the measurement results confirm
that the system sustains reliable performance across varying
beam angles and frequency shifts, making it suitable for
TTD applications with minimal beam squinting and signal
distortion.

Table II compares the proposed TTD network with the state-
of-the-art designs, which includes system topology, fabrication

Fig. 15. Constellation measurement results at different frequencies:
(a) 16-QAM, (b) 64-QAM, and (c) 256-QAM.

process, operating frequency, achievable delay range, insertion
loss, tunability, and scalability. Our design employs a passive
Hilbert transformer cascaded with a tunable transmission line
implemented on a standard RF PCB, offering continuous
delay control over the 2.35–2.45 GHz band with a compact
and scalable architecture. The use of passive circuitry not
only ensures low insertion loss (<1 dB) but also enables
bidirectional operation, making the network suitable for both
transmit and receive paths. Unlike gm-C and all-pass CMOS
implementations [14], [16], which offer limited tunability
and are confined to integrated environments, the bit-switched
GaAs MMIC in [15] provides excellent resolution but limited
scalability. Compared with varactor-loaded and tree-structured
delay lines [17] and [18], which target higher frequencies with
discrete tuning levels, our approach provides fine-grain analog
tunability suitable for low-cost transmitting and receiving RF
systems. Overall, our proposed RF signal processing true TDN
is a compelling candidate for practical, low-cost, and low-loss
TTD phased-array beamforming applications.
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IV. CONCLUSION

In this article, a TTD beamforming feeding network is
designed from an RF signal processing TDB, which is com-
posed of a coupler-resonator-based RF Hilbert transformer
and an electronically tunable transmission line. The proposed
TDN can be tuned in a range of ±0.21 ns difference at the
operating frequency of 2.4 GHz, covering a phase angle of
±180◦. To validate the design theory, a prototype is designed,
fabricated, and validated in the experiment for low-cost beam-
squinting free WiFi beamforming applications. The modulated
signals are applied in transmission and receiving modes of
the proposed passive true TDN to verify the linearity of the
proposed design. Overall, the measurement results align well
with the design theory and simulations to validate the proposed
RF signal processing-based TTD phased array concept. In our
future work, the TTD will be implemented in the MMIC to
further miniaturize the size. In addition, a fully integrated 3-D
true-time delay phased array will be designed and fabricated
using a 3-D printer for drone-based applications. Expanding
the bandwidth of the Hilbert transformer and proposing true
TDN are also planned to enhance overall system performance
for wideband applications.
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