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ABSTRACT Recently reported time delay unit architecture (TDU-A) optimization method based on
integer linear programming is investigated for the first time, for practical implementation of ultra-wideband
(UWB) phased antenna arrays (PAAs). Specifically, the method is considered for linear UWB PAAs
and their feed networks which include non-idealities when practical implementations of their circuit
components are pursued. These non-idealities are shown to cause additional time delay errors that were
unaccounted for in prior work. The errors are induced by frequency dependent variations in power divider
isolation and load mismatch, component VSWRs, and dispersion. Proper modeling of these errors in the
TDU-A optimization leads to a TDU-A that has the necessary delay range required to steer the beam
towards the desired wide scan angles. For experimental verification, a 16 element linear PAA TDU-A
is optimized for operating from 5-30 GHz by modeling the non-idealities of the feed network that is
implemented to steer the beams towards boresight, 25◦, and 50◦. Simulation and measured performances
demonstrate the UWB operation with stable radiation patterns.

INDEX TERMS Phased antenna array, true-time delay, integer programming, broadband, ultra-wideband.

I. INTRODUCTION

MILITARY and commercial applications continue to
drive antennas to service broader frequency bands

with requirements of multiple beams and/or fast beam
steering which necessitates the use of phased antenna
arrays (PAAs) with true time delay systems [1], [2], [3],
[4], [5], [6]. True time delay systems require the use of
time delay units (TDUs) to control the phase excitation
of each element and have stability over frequency [7].
Fig. 1(a) demonstrates a TDU circuit consisting of n bits
which can switch between a reference and a delay state.
An amplifier is typically included to compensate for the
loss incurred by the bits. Ultra-wideband (UWB) phased
antenna array designers are often required to distribute
the time delay to multiple division levels within the RF-
fanout due to space constraints at the element level [8];

thereby creating a TDU architecture (TDU-A). Fig. 1(b)
shows an exemplary (but also the optimal as discussed in
Section II) TDU-A for an M = 16 element linear PAA with
D = 4 division levels. L = 2 TDU layers are distributed
between the d = 1 division level (TDU1) and the d = 4
division level (TDU2) of the RF-fanout. This TDU-A is one
configuration out of many possible variations. The number
of variants grows exponentially as the number of elements
increases. In our recent work [9], it has been demonstrated
that there exists an optimal TDU-A which can be found
by a system architect using integer linear programming.
However, despite its comprehensiveness, the optimization
model introduced in [9] focuses on ideal implementations
of feed networks such as with the assumptions of perfectly
matched and isolated power dividers with ideal transmission
lines. This also seems to be the approach taken in the
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FIGURE 1. (a) A TDU block diagram with n bits, each with τn of delay capability;
(b) An example TDU architecture for a 16 element PAA (which is also the optimal for
the PAA and its requirements considered in this manuscript).

existing literature. Even though different approaches for
designing TDU-As are presented [7], [8], [9], [10], literature
does not provide a consideration of the impact of non-ideal
responses of the circuit components that form the TDU-A in
its practical implementation. In practice, the designs of the
circuit components within a TDU-A are typically carried out
independently by different engineers in a way to meet a set
of requirements imposed by the TDU-A system architect.
Although these requirements can be strict, they are far from
being ideal (e.g., return loss (RL) >15 dB vs RL >∞ across
the UWB). The major circuit components in the TDU-A
shown in Fig. 1(b) are the 2-way power dividers, TDUs,
and antennas. The non-idealities in the network responses of
these components and their frequency dependent variation
lead to time delay errors. Therefore, it is of interest to account
for these non-idealities in the optimization model of [9].
If these errors are left unnacounted for, radiation pattern
degredations that cannot be resolved with PAA calibration
occur due to the unavailibility of required delay lengths
within TDUs. This is especially pronounced at the wider
scan angles as shown in Fig. 2.

This manuscript offers three major contributions to the
literature. The first is the transfer equation derivation through
signal flow diagram of key components within the physical
TDU-A implementation and relating the transfer equation
into time domain in order to account for delay ripple
when ports of the components are not terminated with
idealistic perfectly matched impedances. The second is
to incorporate these non-idealities (i.e., delay ripples), for
the first time, within the optimization model of [9] to
obtain the best TDU-A. The final contribution is the first
experimental demonstration of the TDU-A designed based
on the optimization results and thereby closing the modeled
to measured loop. Some non-idealities in the responses of the

feed network components may be specific to the particular
feed network implementation technology and associated with
fabrication and/or component tolerances. On the other hand,
there are three major prevalent time delay errors that are
not limited to a particular implementation or component.
This manuscript focuses on these three major time delay
errors that are associated with the frequency dependent
phase ripples arising from the imperfections in 1) component
VSWR, 2) power divider isolation and load mismatch, and
3) transmission line dispersion. The approach presented in
this manuscript can be further extended by the designers
to include the time delay errors that will be coming from
specific implementation technology and/or manufacturing
tolerances.
To demonstrate the validity of the presented algorithm,

a TDU-A is designed for an M = 16 element linear
PAA consisting of Vivaldi antenna elements operating from
5 GHz to 30 GHz. By using fixed length delay lines
to represent the TDU states within the TDU-A, three
feed networks and PAAs are designed and fabricated to
investigate the performance of radiation patterns steered
towards 0◦, 25◦, and 50◦ scan angles. It is important to
note that, although the manuscript considers stationary beam
steering for the ease of implementation, the optimization
method is directly applicable to the electrically steered
PAAs that incorporate integrated circuit controled TDU
devices.

II. TIME DELAY ERRORS IN LINEAR PAAS
Time delay error terms stem from the non-idealities of the
components within the feed network that is designed to
implement the TDU-A for practical use. These errors must
be modeled and included in the total delay requirement of the
TDU-A before proceeding with the optimization. Previous
work [9] determined the delay range and resolution of a
TDU-A only by the geometry of a uniform plane wave
intersecting with the PAA which results in a progressive
phase across the array [8]. Different than this, there are
three pervasive time delay error terms considered for the
first time in this manuscript that stem from non-ideality of
the TDU-A components: delay variation by phase ripple
due to divider isolation and load mismatch (τdiv), delay
variation by phase ripple due to VSWR (τVSWR), and
dispersion in the transmission lines (τdisp). Many of the
components in a TDU-A, such as the TDU itself, cannot be
designed prior to architecting the TDU-A. The requirement
imposed by the system architect establishes the worst-case
performance acceptable for each component. Consequently,
the TDU-A is designed without a priori knowledge of
performance across frequency. Hence, TDU-A design must
assume the worst-case delay error that can arise from the
components.
Sections II-A–II-C address each time delay error term

individually. As a primer, their performance effect is demon-
strated in Fig. 2. The array factor (AF) patterns in Fig. 2(a)
are generated by three separate phase excitations to aM = 16
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(a) (b)

FIGURE 2. Effect of time delay errors from component non-idealities for the TDU-A shown in Fig. 1(b) at fc = 17.5 GHz: (a) Array factor (AF) patterns with ideal excitations,
excitations from the TDU-A when optimized with the time delay errors accounted or not; (b) Absolute value of the phase error across antenna elements.

element PAA at fc = 17.5 GHz (i.e., center frequency of
the 5 GHz – 30 GHz operation band). The PAA exhibits an
element spacing ep = 0.5 cm which is half wavelength at
fmax = 30 GHz. Its beam is steered towards the maximum
desired scan angle of θmax = 50◦. The architecture shown in
Fig. 1(b) was designed with the optimization method in [9]
for the case when time delay errors are unaccounted or
accounted as detailed in Section II-E. It is observed that
the radiation pattern generated by the TDU-A optimized
without accounting the time delay errors of the feed network
components shows degraded sidelobe levels when compared
to the patterns generated by the ideal excitations and by the
TDU-A optimized with accounting the time delay errors.
The degraded side lobe levels (SLLs) are caused by the lack
of delay range required to compensate for the delay errors
generated by the TDU-A components. In both cases, a bit
search is conducted that aims to minimize the delay error
between the TDU bit selected and the ideal phase at each
element. However, as shown in Fig. 2(b), the phase error
at the 15th and 16th elements of the PAA, when compared
to an ideal progressive phase excitation, falls significantly
outside the quantized error bound (lsb/2◦ = 4.5◦) when the
TDU-A is optimized without accounting for the component
delay errors. This occurs because the required delay to
steer the 15th and 16th elements is simply not available by
the TDU-A and selecting different states cannot overcome
this fundamental deficiency. Conversely, when the TDU-
A is optimized by accounting the component delay errors,
the architecture is capable of fully generating the desired
time delays and the phase distribution errors fall below the
desired quantization error. The quantized error bound results
from the lsb which is found through the optimization in
Section II-E.

A. DIVIDER ISOLATION AND LOAD MISMATCH
Imperfect divider isolation and load mismatch introduces
frequency dependent phase ripple to the signal through path.
A divider is a 3-port network as shown in Fig. 3. Based on
Mason’s rule [11] and the signal flow diagram in Fig. 3(b),

FIGURE 3. (a) 3-port S-parameter network and its (b) signal flow graph
representation when ports 2 and 3 are terminated with loads.

the transmission from port 1 to port 2 is

T21,div = SD21 − SD21S
D
33�L3 + SD31�L3SD23

1 − (
SD22�L2 + SD33�L3 + SD23�L2SD32�L3

) + SD22S
D
33�L2�L3

(1)

where SDij are the complex S-parameters of the divider, �L2
and �L3 are the load reflection coefficients at ports 2 and 3,
respectively. Note that when all loads are perfectly matched,
T21,div = SD21. From (1), T21,div is clearly dependent on �L2,
�L3 and isolations (i.e., SD23 and SD32). The phase delay error
at a frequency f is

φ21,div(f ) = ∠
(
T21,div

) − ∠
(
SD21

)
. (2)

This phase delay error (in degrees) is typically less than
360◦ for a well-matched divider and can be converted into
time to obtain the time delay error due to the isolation and
load mismatch as

τ21,div = −φ21,div

f 360
. (3)

Equations (2) and (3) show that when τ21,div is a negative
number, the signal takes less time to propagate from port 1
to port 2 than the baseline SD21, whereas a positive number
corresponds to a signal that takes more time. Positive value
is the primary concern leading to a lack of TDU range
since a negative delay error will still fall within the range
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FIGURE 4. Time delay variation at 5 GHz when the divider is terminated with
�L2 = �L3 = 0.178 e−jθTDU

RL and ∠(�L2) and ∠(�L3) are swept independently.

of the TDU-A optimized without regarding component non-
idealities. Therefore, the single worst-case delay error for all
frequencies which must be accommodated in the TDU-A is

τe,div = max
(
τ21,div(f )

)
. (4)

Using (1)–(4), we proceed with calculating the time
delay error from the divider to be designed for the M =
16 element PAA. The design requirements that will be
imposed on the reciprocal divider are RL ≥ 10 dB (i.e.,
SD11, SD22, SD33 ≤ 0.316e−jθDRL), isolation (ISO) ≥ 15 dB

(i.e., SD32 ≤ 0.178 e−jθDISO), and insertion loss (IL) ≤ 1 dB
(i.e., SD21, S

D
31 ≤ 0.631e−jθDIL). Based on the RF fan-out shown

in Fig. 1(b), the output ports of the dividers can be loaded
in three different scenarios, by: 1) TDUs with an imposed
requirement of RL ≥ 15 dB (i.e., STDU11 ≤ 0.178 e−jθTDURL ),
2) input ports of the subsequent power dividers, or 3) antenna
elements which are to be designed with a VSWR ≤ 3:1
requirement, implying SANT11 ≤ 0.5 e−jθANT . The delay values
for each of the three load cases are calculated independently
using equations (1)–(4). For each case, the loads are swept
independently from 0◦ to 360◦ in 5◦ steps while the
magnitudes are held constant at the worst-case value. The
S-parameter amplitudes of the divider are taken as worst-
case values and the phases (i.e., θDRL, θDISO, θDIL) are modeled
as ideal. Among these S-parameters, the most dominant
factor in (1) is the stand-alone SD21 term in numerator due
to not being multiplied with a load reflection coefficient,
however ∠SD21 is strictly bounded in the divider design (e.g.,
∼ 90◦ for a standard single stage Wilkinson power divider).
Sweeping phases of the other S-parameters in (2) does
not provide new information since they are multiplied with
load reflection coefficients that are already being swept in
phase. Fig. 4 depicts the result of the sweep for the first
power divider termination scenario when the ports 2 and 3

(a) (b)

FIGURE 5. (a) 2-port S-parameter network and it’s (b) signal flow graph
representation when port 2 is terminated with a load.

are connected to TDUs at 5 GHz, implying �L2 = �L3 =
STDU11 = 0.178 e−jθTDURL . The maximum delay happens at
5 GHz as expected from (3) and leads to τe,div1 = 2.8 psec.
This is due to the fact that the consideration of (2) as in
Fig. 4 is frequency independent until the last step where
the phase values get converted into time domain using (3)
to generate the y-axis of Fig. 4. Hence, the largest error is
observed at the lowest frequency.
The phase sweeps of load reflection coefficients lead to

worst case errors of τe,div2 = 5.1 psec, and τe,div3 = 8.2
psec when the output ports are connected to power dividers
(scenario 2, �L2 = �L3 = SD11 = 0.316e−jθDRL) and antenna
elements (scenario 3, �L2 = �L3 = SANT11 = 0.5 e−jθANT ),
respectively.

B. TDU VSWR
Non-ideal components such as TDUs introduce frequency
dependent phase ripple on the through path due to the
finiteness of their VSWR. A generic 2-port S-parameter
network as shown in Fig. 5(a) can be used to model
these components. From the signal flow diagram shown in
Fig. 5(b), using the Mason’s rule [11], the transmission from
port 1 to port 2 can be determined as

T21,VSWR = STDU21

1 − STDU22 �L
(5)

where Sij are the complex S-parameters and �L is the load
impedance at port 2. As was the case for the divider, the
deviation from the baseline phase can be calculated as

φ21,VSWR = ∠T21,VSWR − ∠
(
STDU21

)
= −∠

(
1 − STDU22 �L

)

(6)

which shows that the only dependence is on the return loss
specification of the TDU and the load which it is connected
to. This is converted to time to obtain the delay error as

τ21,VSWR = −φVSWR

f 360
. (7)

Since positive value of τ21,div is the main concern as
explained in previous section, the worst-case delay error that
must be accommodated by the TDU-A is

τe,VSWR = max
(
τ21,VSWR(f )

)
. (8)

Using (5)–(8), we proceed to calculate the time delay
error for the M = 16 element PAA. The TDU (STDU22 ≤
0.178 e−jθTDURL ) has two possible load terminations: 1) power
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FIGURE 6. Time delay variation of TDU at 5 GHz when terminated with
�L = SD

11 = 0.316 e−jθRL (VSWR1) and �L = SANT
11 = 0.5 e−jθANT (VSWR2).

divider with an imposed requirement of RL ≥ 10 dB (i.e.,
SD11 ≤ 0.316e−jθRL) and 2) antenna elements which are to be
designed with a VSWR ≤ 3:1 requirement, implying SANT11 ≤
0.5 e−jθANT . Sweeping the phase possibilities independently
across the frequency range in (5)–(8), we find the worst-case
time delay errors as τe, VSWR1 = 3.9 psec and τe, VSWR2 =
5.9 psec as shown in Fig. 6.

C. MICROSTRIP LINE DISPERSION
The time delay error caused by dispersion is due to the
change in the effective dielectric constant over frequency
and the length of microstrip line in the RF-fanout and
TDU-A. Reference [12] provides a method for calculating
dispersion of the microstrip line. Following this method
for the selected printed circuit board (PCB) substrate (see
Section III) provides that the effective dielectric constant,
εeff , over the frequency range from 5 GHz to 30 GHz
increases monotonically concave up from 3.26 to 3.31,
respectively. Hence, the time delay variation over frequency
is found by calculating the total delay through the RF-fanout
at the highest and lowest frequency due to the extremes of
the effective dielectric constants. The total microstrip line
length through the RF-fanout is due to the combination of
three lengths associated with maximum time delay needed to
scan the beam towards θmax (dscan), a reference time delay
needed to provide a connection from RF common feed point
to the antenna element at the edge of the PAA (dref ), and
time delay through the power dividers (dpd). It should be
noted that the TDUs for this demonstration are delay lines
on the PCB. The maximum delay that must be provided
by the TDU-A for the linear PAA is calculated based on
element spacing and maximum scan angle as

dscan = (M − 1) ep sin(θmax) (9)

where ep is the element spacing. dref represents the length
of transmission line from RF common port to an antenna
element when all TDUs are set to a reference state of 0 (i.e.,
the array is pointing to boresight). This reference length can
be approximated by assuming that the area required at each
division level, as defined in [8], has a vertical length of ep
and a horizontal length that starts at ep at the element level

FIGURE 7. Illustration of the allowable area for the corporate feed network
implementation pursued for the M = 16 element PAA. The dashed path represents the
reference distance to the antenna interface.

and doubles for each division level moving from the antenna
to the RF common feed point. This is demonstrated in Fig. 7
where the boxes represent the area for each division level
of the RF-fanout and the dashed line is the reference path
distance calculated as

dref = ep
(
log2 M +M/2 − 1/2

)
. (10)

The length of the microstrip lines within the dividers depends
on the design requirements and implementation choice.
The 5 GHz to 30 GHz bandwidth requirement pursued
in this manuscript necessitates a three stage microstrip
line Wilkinson power divider. Since each stage is quarter
wavelengths at the center frequency of fc = 17.5 GHz and
there are log2 M levels of these dividers, total length of the
power dividers becomes

dpd = 3
(
log2 M

)( c

4fc

)
(11)

where c stands for speed of light. Sum of (9), (10), and (11)
provides the longest length of the microstrip line required as

dtot = dscan + dref + dpd. (12)

For the M = 16 element linear PAA and ep = 5 mm (i.e.,
half wavelengths at 30 GHz), equations (9)–(12) provide
dscan = 5.75 cm, dref= 5.75 cm, dpd = 5.14 cm, and dtot
= 16.63 cm. Hence, the effective length of the microstrip
line becomes

deff (f ) = dtot
√

εeff (f ) (13)

with maximum and minimum values attained at the edges of
the operation band as deff = [30.0, 30.3] cm. This distance
is subsequently converted into time delay as

τeff (f ) = deff (f )

c
(14)

which leads to a delay of τeff = [1001, 1009] psec. The
maximum variation in time delay across the bandwidth is
therefore found as τdisp = τeff (flow) − τeff

(
fhigh

) = 8 psec.

D. TOTAL DELAY ERROR
The total time delay error that must be utilized in optimization
algorithm can simply be an additive combination of the
worst-case situations determined in the previous section and
summarized in Table 1. This will yield a total time delay error
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TABLE 1. Time delay errors.

Error Variable Interval 
(psec)

Number of 
Occurrencesa

Variable
Type

2.8 1 Random
5.1 2 Random
8.2 1 Random
3.9 1 Random
5.9 1 Random
8 1 Known

of 31 psec. However, this is an unlikely occurrence since the
errors are function of frequency and their exact values are not
known a priori. As an alternative approach for approximating
total time delay error, they are considered random and
distributed uniformly between their respective ±τe (i.e., a
uniformly distributed probability density function (PDF)).
This assumption can be made because the performances of
the individual components are bounded by the requirement,
but the actual performance remains unknown until design
is completed. Once the design is completed, the actual
error may be located anywhere within the specified bound,
justifying a uniform distribution assumption. As an example,
the requirement for the antenna element discussed in this
manuscript is VSWR ≤ 3:1 as stated above; however, the exact
value of SANT11 may be at any point within the 3:1 VSWR circle
on Smith Chart over frequency, for example a VSWR of 2:1
is achieved at 15 GHz at 50◦ scan based on simulations. If
two random variables are independent, then the PDF of their
sum is equal to the convolution of their PDFs. Convolving
the PDFs of the random variables in Table 1 the number of
times each occur when tracing a path from the common point
to an antenna result in a Gaussian distribution of random
errors with a standard deviation of 13.4 psec. As compared to
25.9 psec (excluding dispersion), 13.4 psec is much smaller
and can be used to avoid implementation of unnecessary
longer states in the TDUs. There is a potential risk when
using this approach that a situation may arise that once again
the TDU-A does not have the delay range required to steer
the beam at extreme angles. However, the probability has
been lowered dramatically and it is preferred to use the least
amount of delay possible to minimize loss and complexity
in the RF-fanout. It is ultimately up to the architect to assess
the and determine how much time delay error to include in
the TDU-A from the Gaussian distribution. We selected the
standard deviation for this manuscript. Unlike the others, the
time delay error due to the dispersion is not random. It is
additively combined with the other errors. Therefore, the total
time delay error is found as τerror = 13.4 + 8 = 21.4 psec.

E. TDU-A OF A PAA INCLUDING DELAY ERRORS
In [9], it is demonstrated that the TDU-A optimization
problem can be placed into the standard integer linear
programming (ILP) form. Key steps of the process are
summarized here to show how the time delay error calculated
in previous section can be introduced into the optimization,

however, previous understanding of [9] will be required
to fully comprehend the following derivations. Specifically,
τerror is added in equation (17) of [9], which denotes the
maximum time delay needed from the first TDU layer
TDU1, as

τmax1 = hscan1

c
+ τerror (15)

where hscan1 is the scan distance [9, eq. (16)] of
TDU1. Following the remainder of the method outlined in
[9, Sec. III] the performance matrix A [9, eq. (10)] is filled
out for each architecture variant

A = [
aϕe a1msb a2msb a3msb a4msb

]
(16)

where aϕe is the quantization phase error for each architec-
ture variant, and admsb are the most significant bit (msb) (i.e.,
the longest time delay bit) of the TDUs at each division
level d for each architecture variant where D = log2 M = 4
is the total number of divisions. The optimization requires
constraints for each vector in the A matrix. As explained
in [9], the maximum root mean squared (RMS) quantized
phase error is set to φmax = 5◦ so the quantization of
the TDU-A has a minimal effect on the side lobe levels.
The maximum msb is calculated based on the area in
each division level as shown in Fig. 7 (as explained in
[9, Sec. III]) by following the method outlined in [8] to find
τmaxmsb1

= 376.8 psec, τmaxmsb2
= 188.4 psec, τmaxmsb3

= 94.2 psec
and τmaxmsb4

= 47.1 psec. These values are placed into the
constraint vector b [9, eq. (25)] as

b = [
φmax τmaxmsb1

τmaxmsb2
τmaxmsb3

τmaxmsb4

]T
. (17)

The objective function Kx [9, eq. (24)] sets the goal of the
optimization, which is to minimize the number of TDUs,
the number of bits, and the quantization phase error for the
TDU architecture. Hence, Kx can be expressed as

Kx = [
wTDU wbits wφ

][
ηTDU ηbits aφe

]Tx (18)

where wTDU , wbits, wφ are the weights for the contributions
of the TDU count, bit count, and phase error, respectively,
ηTDU is a vector containing the number of TDUs for each
architecture variant, ηbits is a vector containing the number
of bits for each architecture variant, and x is a variable
vector x = [x1, x2, . . . , xV ]T with V being the total number
of architecture variants. In this manuscript, the priority is
set to minimize TDU count, which is followed by the bit
count, and then the phase error with the weight selection of[
wTDU wbits wφ

] = [
1 0.1 0.001

]
, as described in [9], which

was motivated by the industry need to minimize component
count to benefit size, weight, power, and cost (SWAP-C).
The ILP form for expressing the objective function and
constraints of the TDU-A problem is

minimize Kx

subject to ATx ≤ b

x1 + x2 + x3 + . . . + xV = 1

xv = 0 or 1 ∀ v = 1, . . . ,V (19)
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FIGURE 8. Optimized TDU architecture of the 16 element linear PAA where TDU1

has 5 bits and τlsb = 4.4 psec and TDU2 has 6 bits and τlsb = 1.45 psec.

where v is a particular TDU-A architecture variant and the
summing constraint, x1 + x2 + x3 + . . . + xV = 1, along
with the integer constraint, xv = 0 or 1 ∀ v = 1, . . . ,V ,
ensures that the solution will be xo = 1, where subscript
o stands for the optimum variant, and all other variables
are zero [9, eq. (23)]. The ILP was run using MATLAB’s
intlinprog function and produced the optimal TDU-A shown
in Fig. 1(b) and expounded in Fig. 8 where TDU1 has 5 bits
with τlsb = 4.4 psec and TDU2 has 6 bits with τlsb =
1.45 psec. The other parameters found from optimization are
φmax = 4.52◦, a1msb = 63.8 psec, a2msb = 0 psec, a3msb =
0 psec, and a3msb = 46.4 psec.

III. DESIGN AND FABRICATION
Three PAAs with static feed networks are pursued for the
design, fabrication, and testing of the optimization method.
The feed networks are designed for beam steering towards
to 0◦, 25◦, and θmax of 50◦. The TDU states for steering
the beam towards these scan angles are implemented with
fixed length meandered microstrip delay lines. Other design
components are the RF connector transition, Wilkinson
power dividers, and antennas. The printed circuit board
substrate is Rogers 4003 (εr = 3.55, tan δ = 0.0027 at
10 GHz) with h = 0.203 mm thickness. The microstrip
delay lines were individually simulated with Keysight ADS
Momentum to verify that the required delay and return
loss performances are achieved. The Vivaldi antenna was
designed and simulated in Ansys Electronics Desktop HFSS
to determine the parameters shown in Fig. 9. The 16 element
PAA for the 50◦ scan angle is shown in Fig. 10 with
arrows indicating the layers meandered lines as TDUs. Two
additional antenna elements with 50 	 resistive terminations
are added on each side of the PAA to reduce the edge effects
for a total of 20 elements. The PAAs are characterized in a
far field anechoic chamber as seen in Fig. 11.

IV. EXPERIMENTAL VERIFICATION
Elevation plane radiation pattern measurements are taken
from 5 to 30 GHz in 1 GHz steps as θ is varying from
−90◦ to 90◦ in 0.5◦ step. These patterns are compared
to the simulated radiation patterns obtained from PAA
model. The model is multiplication of the array factor (AF)
with the radiated electric field of the simulated Vivaldi
antenna element. The AF is calculated using equations
in [7]

AF(f0) =
∑

aie
jkri ·̂r (20)

FIGURE 9. (a) Antenna element geometry; (b) 16 element array model with two
terminated elements on both sides to reduce edge effects totaling 20 elements.

FIGURE 10. Fabricated 16 element linear PAA with feed network implemented for
50◦ beam steering.

FIGURE 11. 16 element PAA with feed network implemented for 0◦ beam steering
during measurement inside an anechoic chamber.

where ri is the position vector of the ith antenna element, r̂
is the unit vector in the direction of the observation point,
ai = |ai|ejφai is the complex weigh of the ith antenna element
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FIGURE 12. Normalized array pattern vs. scan angle and frequency for the TDU-A defined in Fig. 8. Pattern from model without including delay error steered to (a) 0◦ , (d) 25◦ ,
and (g) 50◦ , pattern from model when including delay error steered to (b) 0◦ , (e) 25◦ , and (h) 50◦ , and the measured patterns from hardware steering to (c) 0◦ , (f) 25◦ , and (i) 50◦ .

and f0 is the frequency at which the AF is being evaluated.
For the following examples, we assume a uniform amplitude
distribution with |ai| = 1,∀i which is approximately true
for our hardware demonstration, and the unwrapped phase
excitation of each element weighting (i.e., φai) is obtained
from a search method. The search method begins by finding
the ideal phase excitation required as

φai = −k0ri sin(θsteer) (21)

where φai is the ideal phase excitation at the ith antenna
element, k0 = 2π/λ0 is the wavenumber and λ0 is the
wavelength, and θsteer is the desired beam steering direction
in degrees. Then we find the ideal delay as

τ ai = −φai
f0 360

. (22)

where τ ai is the ideal time delay required at the ith antenna
element. The TDUs of each path are then configured to
provide a total delay at each element which minimizes
the error between the ideal state and the quantized bit
selection. Note that these the UWB nature of the TDU-A.
Once TDU settings are found from a frequency of choice,
equations (20) – (22) can be worked backwards to plot

AF at any desired frequency.’‘The Vivaldi antenna element
is simulated by feeding the 8th element of a 20-element
array with all other elements terminated in 50 	 in order to
find the embedded element pattern within the presence of
adjacent array elements [7]. The normalized elevation plane
radiation patterns obtained from the PAA model without
accounting for delay error (i.e., only following the method
outlined in [9]) are presented in Figs. 12(a), (d), and (g) as
a function of frequency. These patterns clearly show that
the true time delay nature of the feed network successfully
ensuring that the peak of the radiation pattern is maintained
at the desired angle across the UWB frequency. As expected,
it is also observed that the beamwidth of the radiation
pattern decreases with increasing frequency. However, side-
lobe degradation at extreme steer angles can be observed
in Fig. 12 (g) when the array is steered to 50◦. The
normalized elevation plane radiation patterns obtained from
the PAA model with delay errors accounted are presented
in Figs. 12(b), (e), and (h) as a function of frequency. The
same characteristics are observed as before, however now
the side lobe degradation at extreme steers is no longer
present, as expected. The measured normalized radiation
patterns from the fabricated PAAs are shown in Figs. 12(b),
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FIGURE 13. Comparison of 18 GHz measurement (bold plots) vs 100 iterations of modeled performance (light gray plots) within the family of expected delay errors in the
RF-fanout steered to (a) 0◦ , (b) 25◦ , and (c) 50◦ .

(d), and (f). The frequency dependent steering direction and
beamwidth characteristics of the measured radiation pattern
agrees well with those obtained from the PAA model and
the mainbeam beamwidths are nearly identical. On the other
hand, the SLL performance is degraded due to the individual
components of the TDU-A (i.e., TDUs and dividers) as well
as the antenna array being designed independent of each
other, since the TDU-A is designed prior to the individual
component design, and then stitched together in a final design
as well as the loss in the divider network not included
in the modeled simulation. The smearing of the measured
pattern (i.e., shifts in the side lobe location and amplitude
compared to simulation), occurs due to the time delay
errors discussed in Section II of this manuscript which may
be calibrated. The cause of the smearing is illustrated in
Fig. 13 at 18 GHz, approximately the center of the design
bandwidth, by comparing the measured results with two
sets of PAA models: (1) a pattern with no random error
distributed throughout the array (i.e., “Modeled – No Added
Error” in Fig. 13), and (2) a set of 100 array patterns with
random errors distributed as a Gaussian PDF across the
array elements as defined in Section II-D (i.e., “Modeled –
Gaussian Dist. Error Set” in Fig. 13). The worst case SLL
performance of Fig. 13 is shown in (b) at ∼ 8◦ which is due
to the random stacking of delay errors peaking at 18 GHz
and a scan of 25◦; however, the performance falls within
the set of performance with random errors distributed as
predicted. The amplitude variation across the 16-way divider
and TDUs was simulated and is approximately ±0.3 dB
at 18 GHz which was determined to be of negligible
contribution to the side lobe level performance degradation.
An exhaustive set of figures over the entire 5-30 GHz
would be impractical in this manuscript, so 18 GHz was
chosen as a representation; however, these figures were
generated and verified at many other frequencies spaning
the entirety of the bandwidth but left out for brevity. Fig. 13
shows that the measured performance lies within the set
of 100 modeled patterns with error distribution showing
correlation to predicted performance in Section II. Therefore,
the TDU-A has the necessary range to be adjusted and
achieve approximately the modeled performance through

calibration, which is routine for these arrays, as shown
in [13], [14], [15], [16], [17], [18].

V. CONCLUSION
An approach for including practical time delay errors in
the optimization of a UWB PAA feed network to ensure
sufficient time delay range at wide scan angles has been
introduced and modeled for the first time. Specifically, the
effects of time delay errors due to frequency dependent vari-
ations in VSWR, divider isolation and load mismatch, and
dispersion were calculated and included in the optimization
algorithm to determine a robust TDU-A. The efficacy of
the method outlined in this manuscript is implemented and
verified experimentally, for the first time, by three 16 element
linear PAA test articles with an optimized TDU-A operating
from 5 GHz to 30 GHz with beams steered towards 0◦, 25◦,
and 50◦. The components were designed independently to
emulate a representative architecture design, where the com-
ponent characteristics across frequency are not necessarily
known a priori. The simulated and measured performance
demonstrated UWB operation with stable radiation patterns.
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