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Investigation into Series-Fed Microstrip Patch Arrays at 26 GHz,
28 GHz and 48 GHz — Design, Simulation and Prototype Tests

Edward A. Ball
Communications Research Group, The University of Sheffield, UK
e.a.ball @sheffield.ac.uk

Abstract—This paper investigates the design and
evaluation of a set of 9 element, series-fed, patch arrays. A
simple design approach and formulas are presented. This is
followed by EM simulation results and lab measurement
results for a set of prototypes operating over a range of
frequencies relevant to millimeter wave (mmWave) systems.
The simulation results based on the calculated array
dimensions show good characteristics. The measured gains
and radiation patterns agree well with the simulation results.
Overall, the usefulness of the design strategy for application
to antennas in the mmWave band is confirmed.

Index Terms—Antenna arrays, microstrip antenna arrays,
patch antennas, millimeter wave measurements.

I. INTRODUCTION

The patch antenna is a very popular and low-cost
antenna type. Its design is well understood and widely
employed. However, its use in forming arrays can be
challenging, due to the requirement to taper the elements
to achieve sidelobe level (SLL) control and the need for
mechanisms to provide phase shift between the elements
to form a beam.

One compact array design format uses the series-fed
array of microstrip patches [1] — [5]. This is very space
efficient since it does not require parallel corporate feed
networks to supply the patches, which would consume
additional board space. However, this class of array has
been reported to have limited operational bandwidth,
when compared to a parallel feed array [5].

The tapering of the element widths in the array offers a
mechanism to shape the beam profile [6] — [9] and control
SLL. The power feeding mechanisms to the patches can
be implemented by wide variety of approaches [5], [10] —
[11]. In this paper a simple transmission line is used to
interconnect the patches. The mutual coupling between the
patches can also be an issue, requiring EM simulation to
fully characterize its effect.

There is now much research and commercial interest in
systems operating at circa 28 GHz and above. Future IoT,
communications systems and other novel applications will
benefit from a low-cost antenna design that offers useful
gain. The series-fed array is a possible candidate for such
systems and has triggered the research in this paper.

In this paper a design strategy for a series-fed array of
patches is described, using transmission line theory. Then,

EM simulation results from Keysight ADS are presented.
Finally, measured lab results for the arrays realized on
Rogers 4003C substrate are reported. The contributions of
this paper are: 1) presentation of a simple and intuitive
approach to series-fed array design, 2) PCB evaluation of
the technique at mmWave frequencies.

II. DESIGN STRATEGY

The general concept and architecture of the series-fed
array investigated is shown in Fig. 1. In this paper it
consists of 9 elements that have symmetrical dimensions
about the centre element (i.e. element 1 is the same as
element 9, element 8 is the same as element 2, etc).

The starting point for the design of the array is the
design of the center element in the array: element 5. This
is designed following well-known and standard techniques
for a single resonant patch element, such as [12] which
defines width and length. At this point, the length and
width of what will become the centre element are known.
Following the approach in [12] the input impedance of the
single patch is also then known. To ease the matching
within the array, the length Ln (n = 1...9) of a patch can be
scaled by a small amount to make the input impedance of
each patch at its edge purely real, without significantly
changing its resonant frequency. The impedance seen at
the edge of a patch is commonly in the range 200 — 300
ohms [12], [15].

The next step is to calculate the width Wn of all other
patches in the array. This is done by applying a desired
aperture scaling to achieve a desired SLL. In this design, a
Dolph-Chebyshev weighting was chosen, with 20 dB
target SLL, though other weighting functions could have
been used. The resulting Dolph-Chebyshev weights are
shown in TABLE I, noting the symmetry about the centre
element.

TABLEI
DoLPH-CHEBYSHEV 9 ELEMENT WEIGHTS

DI, [D2, | D3, |[D4, |D5
D9 |D8 | D7 | D6
0.601 | 0.615 | 0.812 | 0.950 | 1.0
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Fig. 1. Series-fed array structure.

To implement the Dolph-Chebyshev taper, the element
weight values Dn are multiplied by the width of the initial
(centre) element- resulting in a set of elements with
tapered widths Wn, as shown in Fig. 1.

All the patches should then have their lengths adjusted
very slightly, to ensure each patch input impedance is real-
only [12]. The set of patch dimensions are thus known. To
keep the design simple, inset feed lines were not used.

The spacing between the elements defines the beam
pointing angle, via the array factor. The array can be
considered as an array of point sources, fed sequentially
on a transmission line. If the effective element spacing is 1
wavelength in the substrate, 1,, then the resulting beam
will be normal to the PCB with no grating lobes. The
effective element spacing is the electrical distance
between the centers of adjacent patches. As the lengths of
each patch may be slightly different, as discussed above,
the required length of the interconnecting tracks Lpn,n+1
may also be different. However, in general Lpn,n+1 will

A . .
be close to 7‘9. The design procedure should now continue

leftwards (moving towards patch 1 and the input port)
starting from patch element 9. To calculate the length of
interconnecting tracks, the electrical length of each patch
must be known, which requires an accurate model for the
effective dielectric permittivity &5, with [13] and [14]
providing accurate models at mmWave. The microstrip
patch electrical length is longer than the physical length,
due to its edge effects [12]. The length of the
interconnecting track is thus the length required to result
in 1 A4 spacing as measured from the centre of patch 8 to
patch 9 or, more generally, patch n to patch n + 1. The
impedance presented by patch 9 to the right-hand side
(RHS) of patch 8 can then be evaluated using (1) where Z,
is the input impedance at the edge of patch 9, Z0,,,, is the
characteristic impedance of the interconnecting line
between patches m and n, of length Lp,., (Lpso between

patches 8 and 9), and § = j—n
g

. _ Zn+jZ0mn.tan(B.Lpmn)
Zin_m RHS = Z0yy, (Zomn+jZn.tan(,8.men))

(D

w4 W5 w4 w3 w2 Wi
..
L4 L5 L4 L3 L2 L1

4 5 wp 6 7 8 9

The interconnecting line impedance Z0,,, can be
chosen to be close to the patch input impedance. The
impedance presented to the RHS of patch 8 is then further
transformed by patch 8 acting as a transmission line, with
its own characteristic impedance Z0pg (different to Z0,,,,)
and electrical length Lpg. The resulting impedance seen on
the left-hand side (LHS) of patch 8, due to it acting as a
simple transmission line, is then found by applying (2).

Zin_m_RHS+jZ0pm.tan(B.Lpm)
Z0pm+jZin_m_RHS.tan(BLpm)

Zin.m_LHS = Z0py, ( ) @

Let the impedance due to patch 8 acting just as a simple
antenna (ignoring attached lines) be ZAps, or more
generally ZAp,,. The imaginary part of ZAp,, can be made
close to zero ohms, as described earlier. An example of
the real part of ZAp,, for each element in a 26 GHz array is
shown in Fig. 2a.

The composite impedance seen on the LHS of patch 8
can be evaluated as the parallel combination of ZAp,, and
Zin_m_LHS, using (3) (where m = 8 for patch 8).

Zin_m_LHS.ZApm

Zin.m = —
Zin_m_LHS+ZApm

3

This process of calculating the composite impedance
then continues leftwards, through each patch, until the
impedance on the left-hand side of patch 1 is known. The
array input impedance should then be predominantly real.
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Fig. 2. Real part of impedances in 26 GHz array: a) individual
patch input impedance ZApm, b) Zin_m seen on LHS of patches.



TABLE II
TRIAL ARRAY PATCH PHYSICAL DIMENSIONS

Antenna L1, L9 Wi, L2, L8 | W2, L3, L7 | W3, L4, L6 | W4, L5 w5
(mm) w9 (mm) w8 (mm) w7 (mm) | W6 (mm) | (mm)
(mm) (mm) (mm) (mm)
26 GHz 3.0 2.3 3.0 24 2.9 3.1 2.9 3.6 2.9 3.8
28 GHz 2.8 2.1 2.8 2.2 2.7 2.9 2.7 34 2.7 3.6
48 GHz 1.6 1.2 1.6 1.3 1.6 1.7 1.6 2.0 1.6 2.1
TABLE III
TRIAL ARRAY PATCH INTERCONNECTING LINE PHYSICAL DIMENSIONS
Antenna Wwf Lf Wp Lpl12, | Lp23, | Lp34, | Lp45,
(mm) | (mm) | (mm) | Lp89 Lp78 Lp67 Lp56
(mm) | (mm) | (mm) | (mm)
26 GHz 0.3 3.6 0.3 3.3 3.3 34 34
28 GHz 0.3 3.6 0.3 3.0 3.0 3.1 3.1
48 GHz 0.4 2.4 0.3 1.8 1.8 1.8 1.8

Fig. 2b shows the real part of Zin_m at each patch in a
26 GHz array. A quarter wavelength transformer with
dimensions Lf, Wf can then be used to convert the array
input impedance to 50 ohms. For simplicity, thin
interconnecting track width Wp, achieving a Z0,,,, of 100
ohms, was used for all arrays. This ensures the track is
distinct from the patches, given their small size, with an
impedance close to the patch. It may be possible to use an
inset feed to achieve a 50 ohm match to patch 1, though
care would be needed to ensure it does not adversely
affect the radiation from patch 1.

The above outlined approach has been used to design 9
element arrays at 26 GHz, 28 GHz and 48 GHz, with final
dimensions provided in TABLE II and TABLE III. A trial
dual-array at 28 GHz was also simulated, using two
identical 28 GHz arrays spaced by 44. A corporate feed
power divider supplies the two 28 GHz arrays. The dual-
array concept shown in Fig. 3.

—

Fig. 3. The dual 28GHz array with corporate feed.

III. RESULTS

Results are now presented from EM simulations and a
subsequent prototype build of the antenna designs, on
Rogers R4003C substrate (thickness /2 of 0.5mm, relative
permeability &, of 3.55 and tan delta of 0.0027).

A. EM Simulations

Keysight ADS was used to EM simulate the 4 different
arrays. The dimensions for the patches and lines were used
directly as calculated using the previously outlined
technique. The only modification found necessary was a
small reduction in the length of the interconnecting lines
by a factor of 1.1, to ensure the beam was pointed normal
to the PCB (otherwise a beam error of circa 10 degrees
was observed).

Fig. 4a shows the coordinate systems. Fig. 4b shows an
example 3D EM gain plot for the 26 GHz array. Fig. 5 —
Fig. 8 show example EM simulation patterns of the 4
concept antennas, all showing a prominent beam normal to
the PCB as expected.

From [15], the impedance fractional bandwidth (BW)
can be found for a return loss (RL) > 9.5 dB. Due to the
patch geometry, the impedance fractional BW of the
patches is narrowest at the centre patch (3% - 5%) and
increases outwards with the patch element location.

a)

Fig. 4. a) coordinate system, b) example 26 GHz array 3D EM
simulation gain pattern.

b)
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Fig. 5. 26 GHz array pattern simulation (phi = 0).
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Fig. 6. 28 GHz array pattern simulation (phi = 0).
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Fig. 7. 48 GHz array pattern simulation (phi = 0).

B. Prototype PCB Measurements

Fig. 9 shows the prototype PCB with the 4 arrays.
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Fig. 8. 28 GHz dual-array pattern simulation (phi = 0).

The University of Sheffield Communications Research
Group hosts the EPSRC mmWave Measurement
Laboratory, which includes an advanced antenna
measurement capability to 110 GHz [16], as shown in Fig.
10a. Fig. 10b shows the PCB array undergoing lab testing
by the NSI-MI 700S-360 antenna measurement system.
Using this facility, the patterns of the prototype PCB
antennas have been measured and are presented below.

Fig. 9. Built prototype PCB showing all 4 array concepts.

Fig. 10. a) EPSRC mmWave Measurement Laboratory, b) PCB
arrays under test.



Fig. 11 — Fig. 16 show a selection of lab radiation
pattern measurements for theta sweeps of -90 degrees to +
90 degrees, with phi set to 0 or 90 degrees as stated. The
plots show both measured results and the EM simulation
results, for comparison. All plots are normalized. Fig. 12
also shows the simulated array pattern when all patches
are identical (i.e. no weighting applied) showing further
degrading of SLL, as would be expected.
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Fig. 11. Measured & simulation 26 GHz array pattern (phi = 90).
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Fig. 12. Measured & simulation 28 GHz array pattern (phi = 0).
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Fig. 13. Measured & simulation 28 GHz array pattern (phi = 90).
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Fig. 14. Measured & simulation 28 GHz dual-array pattern (phi
=0).
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Fig. 15. Measured & simulation 28 GHz dual-array pattern (phi
=90).
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Fig. 16. Measured & simulation 48 GHz array pattern (phi = 0).

A summary of the lab and simulation measurements,
and relevant published results, is presented in TABLE IV.
As would be expected, the measured gains were lower
than simulations, though with the 28 GHz arrays
delivering closest to simulated gains. However, good
isotropic gain is achieved, exceeding 8 dBi.



TABLE IV
MEASURED & SIMULATED ANTENNA ARRAY PERFORMANCE

Array | RL RL | Gain SLL n
measured BW | Measured | Measured
[simulated] | (%) | [simulated] | [simulated]

(dB) (dBi) (dB)

26GHz | 20 [23.0] 8.1 91[14.2] -12[-144] | 9

28GHz | 17 [18.8] 5.0 | 11[14.3] -13[-15.8] | 9

48GHz | 9 [14.5] 7.7 | 8[13.0] -12[-13.0]1 | 9

28GHz | 14 [19.4] 5.0 | 12[14.7] -9 [-11.0] 9

dual

[6] 18 2.8 | - -14 5

[9] 12 7.1 15.4 -11 10

[3] 25 2.0 16 -22 10

[8] 12.2 6.3 - -23.8 16

[10] 15 19.6 | 15.0 -20 5

It was observed that the gain of the 28 GHz dual-array
was only ~1 dB higher than the single array. Subsequent
EM simulations of the corporate feed network have
identified its loss to be 5.5 dB, thus explaining the
negligible gain enhancement seen in the dual array. The
observed reduction in gain for the single series-fed arrays
could be due to radiated measurement uncertainty, PCB
edge launch connector loss or further PCB losses.

A subsequent EM simulation assessing the mutual
coupling between adjacent elements in the 28 GHz array
identified a coupling of -20 dB. Since mutual coupling
effects were not considered in the design strategy, it is
suspected this has led to the limited SLL achieved.

IV. CONCLUSION

A simple approach to designing a set of 9 element
series-fed patch antenna arrays is described and evaluated.
The simulated and measured results confirm the validity
of the approach and show good agreement. The arrays
offer useful gain for practical low-cost mmWave
applications on PCB. Further work is required to optimise
SLL.
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