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Improved Expressions for Calculating the Impedance
of Differential Feed Rectangular
Microstrip Patch Antennas
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Abstract—This letter presents an analysis of the impedances of
differential feed microstrip rectangular patch antennas. Itis shown
that the impedance of a differential feed antenna exhibits cosine
squared behavior over the feed distance. We present improved ex-
pressions for calculating the impedance match feed positions of a
differential feed rectangular microstrip patch antenna with given
dimensions, on the base of which we designed two antenna proto-
types. Both simulation and measurement results match our theo-
retical prediction.

Index Terms—Cavity model, differential feed microstrip patch
antenna, impedance match.

I. INTRODUCTION

IFFERENTIAL feed microstrip patch antennas (DMPAs)

are becoming increasingly popular due to their compact
integration with fully differential monolithic microwave inte-
grated circuits (MMICs) and their good radiation performance,
etc. Various designs of differential feed antennas have been re-
ported in the last decade [1]-[3]. However, further analysis for
the antenna impedance with differential feed is still an issue,
e.g., the calculation of impedance matched points for differen-
tially-driven patch antenna, etc.

The cavity model has been used successfully to analyze and
to provide physical insight into the single-ended feed microstrip
patch antenna (SMPA) [4]. A quantitative analysis of the an-
tenna impedance of DMPAs is shown in [3]. In this letter, we ex-
tend the analysis to reveal the relationship of antenna impedance
with two different feed mechanisms. Furthermore, we provide
concise expressions of calculating the impedance matched feed
points of rectangular patch antenna by a differential feed. Two
antennas of different substrate thickness (¢) were designed using
this theory. Both simulation and prototype measurement results
are in accordance with our theoretical predictions.
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Fig. I. Rectangular microstrip patch with single-ended feed (a) and differential
feed (b).

II. IMPEDANCE ANALYSIS

Fig. 1 shows rectangular microstrip patch antennas with dif-
ferent feed mechanisms. The feed point of the single-ended feed
antenna [Fig. 1(a)] is at (#1, y1). The differential feed antenna
[Fig. 1(b)]hastwo feed points, (x1, y1 ) and (x2, ya ), respectively.

First, let us recapitulate (5) in [4] for antenna impedance with
single-ended feed
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where w is the angular frequency, 1o is the permeability of
vacuum. Since the patch exhibits fringing effects, the physical
dimensions of the patch (a, b) are replaced with the effective di-
mensions (., b.)
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where £ is the wavenumber, and &,. is the relative permittivity.

The definitions of the remaining parameters (&g, ; 0, d. ) can be

found in [4]. The subscript s of Z, denotes a single-ended feed.

The subscript (+n, ) indicates the mode indices in the x and y

axis. Typically, 2, is selected as a./2, and y; represents feed

distance measured from the edge of the patch to the feed point.
The sum for Z, in (1) can be rewritten as
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Zs mn represents the antenna impedance of the TM,,,,, mode
and is called mode impedance here. Compared to [(1a)-(1d)],
for a fixed mode number (i, n), RG[J/( k2 — k2)] reaches a
maximum value when k2, = ¢,k2. Therefore, the peak value
of Re[Z S,mn] occurs at its resonant frequency (), and drops
quickly away from the resonant frequency. In another word,
the value of Re[Z,] around the fundamental resonant frequency
(fo1) is dominated by the value of Re[Z; o1].

The resonant resistance R is defined as Re]
can be calculated as

7] at fo1, and it

T
b—) E)

Comparing (1.a) with (3), we obtain the following relation-
ship for ;(y = y1) over the feed distance (y1):

Ry(y = y1) = Ry(y = 0)cos’ (Wbyl) 4)
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where Rs(y = 0) represents the antenna impedance with
the feed point at the edge of the patch [6]. It shows that the
impedance of a patch antenna with single-ended feed exhibits
a cosine squared behavior over the feed distance.

Next, we address the antenna impedance with a differential
feed. It may be calculated using the 7Z parameters [3]
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The subscript d of Z4 denotes a differential feed. Z11 and Z7-
are called self impedance and mutual impedance respectively.
Compared to (5a) and (5b) to (1), we can find Z;; is same as
Zs, while Z15 is different. Now we compare Z1» with Z14.

Similar as Z,, we introduce mode impedance Z ;. for Zy
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Obviously, the self-mode-impedance, Zi1 s, is equal to
Zs mn in (2a). It is related to the mutual-mode-impedance,
Z12,mn as follows:
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For the typical feed positions, 1 = z2 = a./2, and y; =
b. — y2, we can obtain
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Inserting (8) into (6) results in
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Up to this point, we have built the relationship between Z,
and Z, using the mode impedance Z11 yun(Zs mn ). Equation
(9) implies that Z ,,,,, is zero if the mode index 7 is even, while
Zd4,mn 1s four times Z ,,,,, if n is odd. The fundamental mode
of the antenna is TMy;, and the next two higher order modes
are TMsg and TMs;. Here we assume that 1.56, > a. > b..
Therefore, Zg 20 and Z; 21 are zero, while Z; o1 is four times
Zs,Ol .

Similar as R, we define the resonant resistance 12, as Re[Z]
at fo1. The assumption of (3) is still valid. Therefore, we calcu-
late R4 as follows:

Ry(y = y1) = Ry = 4R, 01 x cos® (Wbyl) )

€
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Equation (10) implies some interesting results:

First, the resonant resistance of the antenna with differential
feed exhibits cosine squared behavior over the feed distance,
which is the same as that for a single-ended feed antenna

where I?;(y = 0) represents the antenna impedance with dif-
ferential feed points at the edges of patch.

Secondly, the impedance match position for the antenna with
differential feed can be calculated fromR,:

Ra(y=y1)~4R(y=1y1)=4R.(y=0)cos’ (%) . (12)

[
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Equation (12) shows that the resonant resistance of the dif-
ferential feed antenna is four times that of the single-ended feed
antenna for the same feed distance (y;). This can be verified
by the results shown in [3, Fig. 9-11]. It is worth to note that the
resonant resistances (R;) disappear when two feed positions are
too close [7].

Usually, the reference impedance of the differential feed an-
tenna is selected as 100 €2, which is twice the single-ended feed
antenna. Thus, the impedance matched feed distance of the dif-
ferential feed antenna (y4,100 o) and that of the single-ended
feed antenna (y, 50 ) are related by comparing (4) and (12)

e [ TYs.50 0

cos (W?/d,loo Q) _ cos ( be )
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If we normalize the feed distance y by § = y/b., (13) can be
co8(TYs,50 )

_— 14
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Obviously, the normalized feed distance of the DMPA

(%a,100 ) 1s larger than that of the SMPA (45 50 o). That means

(13)

cos(T94,100 0) =
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Fig. 2. Simulation and measurement of reflection coefficients (S, ) of SMPA
and DMPA for substrate thickness t; = 0.0762 cimn, ¥; 50 o = 0.6350 cm,
Ya, 100 0 = 0.7270 cin, 2Ab = 0.1333 c¢m (a) and 2o = 0.1388 <,
Ys,s0 @ = 0.6799 cm, Y4100 0 = 0.7921 cm, 2Ab = 0.2404 cm (b).

the impedance match feed point of differential antenna is more
close to the patch center compared to that of the single-ended
antenna. This also explains the behaviors of the shorted-end
quarter-wave patch antenna [5], which has similar E-field
distribution of half of the differential feed patch antenna.

III. PROTOTYPE TEST

In order to validate our theoretical expressions, we designed
two groups of test antennas for two different feed mechanisms.
Taconic TLY-5 (e, = 2.2) with two different thicknesses (1 =
0.0762 em, 2 = 0.1588 cm) was selected as the substrate ma-
terial. Patches with identical dimensions (¢« = 1.9 cm, b =
1.6 cm) were used as radiating element for both thicknesses.
The reference impedances of single-ended feed and differential
feed antennas were selected as 50 €2 and 100 €2 respectively.

The calculated feed distances of the SMPA and the DMPA are
listed in the caption of Fig. 2. It is worth to emphasize that the
results calculated from (4) and (11) are effective feed distances,
which are the distances from the effective edges of the patch to
the feed points. The physical feed distances (measured from the
physical edge of the patch) are ¥, 50 o — Ab and 4,100 o — Ab
respectively, where Ab is the fringing effects extension [8].

Both antennas with probe feed were constructed and simu-
lated using the 3-D EM simulation tools CST MWS. The sim-
ulation models are the same as models in Fig. 1. The simulated

S11 of single-ended feed and differential feed antennas, which
are normalized to 50 £2 and 100 £ respectively, are shown in
Fig. 2. It shows that given proper selection of feed positions,
antenna patches with different feed mechanisms are excited in
the same fundamental resonant mode and thus exhibit the same
frequency behaviors.

The prototype antennas were fabricated and measured. The
differential antennas were measured as two-port devices and the
reflection coefficients were calculated by mode conversion ma-
trix [9]. The measured and simulated S1; are plotted in Fig. 2.
They match very well, confirming the validity of our theoretical
expressions.

IV. CONCLUSION

We have presented a quantitative analysis of the impedance
of patch antennas with differential feed. We have shown that
the antenna impedance with differential feed exhibits the co-
sine-squared behavior over the feed distance. Using mode im-
pedances, we found a relationship between the impedances of
the antennas with two different feed mechanisms. For the same
antenna feed distance, the antenna impedance of a differential
feed antenna around the fundamental resonant frequency is four
times that of a single-ended feed antenna. We have presented
simple expressions for calculating the impedance match feed
position of a rectangular patch antenna with differential feed
which we used to design two antenna prototypes. Simulations
and measurements results verify the validity of our theoretical
expressions.
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