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Microstrip Antennas- Rectangular Patch
Chapter 14 in Antenna Theory, Analysis and Design (4th Edition) by Balanis

> Shown in Figures 14.1 - 14.3
> Easy to analyze using transmission line or cavity models
> Most common type of patch or microstrip antenna

Transmission line model

The rectangular microstrip antenna is represented as two slots or
apertures (of width W and height h) separated by a low
Impedance transmission line of length L (see Figure 14.1).

Fringing of the fields, particularly the electric field, at the edges
of the patch is an issue of concern because of the finite
dimensions involved. Figures 14.1, 14.3, and 14.5 illustrate
fringing.
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Figure 14.5 Microstrip line and its electric field lines, and effective dielectric
constant geometry. [From Balanis, Antenna Theory, Analysis and Design (Fourth Edition)]
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Fringing makes the patch seem bigger (electrically) than the
physical dimensions of the patch. This impacts the resonant
frequency of the patch. It is dependent on the dielectric constant
er Of the substrate as well as the physical dimensions L, W and h.

To account for the fringing of the electric field above the
microstrip (in the air above the substrate), an effective dielectric
constant 1< grerf < g IS defined. As most of the field lines are
confined between the patch and the ground plane (like a
capacitor), ererr tends to be closer to . The effective dielectric
constant allows the microstrip to be modeled as if it were in a
homogeneous dielectric medium of &err. Figure 14.6 shows the
effective dielectric constant as a function of frequency for
several substrates. Note that & — & as the frequency
Increases, i.e., the electric field concentrates in the substrate.
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Figure 14.6 Effective dielectric constant versus frequency for typical substrates.
[From Balanis, Antenna Theory, Analysis and Design (Fourth Edition)]
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The initial (low frequency) value of geft IS

-0.5
Erort = gr;1+ & 1 1+12V£V

where W/h > 1.

To account for fringing, the physical length of the rectangular
patch is extended at both ends by a length

£, +0.3 VFV +0.264

AL=0.412h
W

£ .. —0.258) - +0.8
’ h

r

to give an effective length of Lesr =L + 2AL (see Figure 14.7).
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(a) Top view
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(b) Side view

Figure 14.7 Physical and effective lengths of rectangular microstrip patch. [From
Balanis, Antenna Theory, Analysis and Design (Fourth Edition). TMoio mode shown in (b).]
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For the dominant TMoio mode (patch acts as a cavity resonator),
the resonant frequency is

C
F) ——°
( r)010 2L /gr

(uncorrected)

(corrected)

Solving for Les, we get

_ C _A
" 2( fr,c )010 \/ gr,eff 2

where A is the guided wavelength. [Note: want (fr¢)o10 = fr, the
desired operating frequency.]

Le

Now, we can return to the transmission line model where we
will represent the two radiating slots with parallel equivalent
admittances

Slot#1 Y, =G, + B,

Slot#2 Y, =G, + ] B,
separated by a microstrip transmission line of length L with
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characteristic admittance Y. = 1/Z; (see Figure 14.9). Moreover,
for rectangular patches, the slots are assumed to be identical.
So,

Y,=Y, = G =G, and B =B,.

/1

i W Biex %G By =

% G

Figure 14.9 Rectangular microstrip patch and its equivalent circuit transmission
model. [From Balanis, Antenna Theory, Analysis and Design (Fourth Edition)]

e,

(a) Rectangular patch (b) Transmission model equivalent

How can we calculate the slot admittances? A simple
derivation, based on infinitely long slots, that assumes that the
electric field is uniform across the slot(s) yields

G, = LA P (koh)z} for h 1
1204, 24 4o 10
51=L‘1—o.636|n(k0h)] for Lol
1204, - 4o 10

2 : :
where k, =7~ s the free space wave number. This result
C

Is accurate only when W >> Ao and h << Aq.
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A more accurate formula for the conductance (based on the
cavity model) is
2
ol (KW
GIZZPraZd: 1 .[ sm( > cos@j sin®0 dog
Mol 7700 o2 cosé

where
2

7| . [ KW
:_I sm( 2 COSQ) sin0do
cosd

where 7o is the intrinsic impedance of free space. The integral
can be evaluated numerically (best option), or solved to get

1 sin(kyW )
G =—1|-2 kKW)+kWS. (kW )+ —~
) mﬁ[ +c0S (kW )+ kW S; (kW )+ oW }

where S; () is the sine integral (see Appendix 11 of Balanis).

For extremely wide or narrow slots

1 (wY

%(Zj W << 4,
1 (W

@[Zj W >> A

G, =1

A plot of G, versus W/ko is shown in Figure 14.10.
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Figure 14.10 Slot conductance as a function of slot width. [From Balanis, Antenna
Theory, Analysis and Design (Fourth Edition)]

To get the input admittance Yi,, the admittance of slot #2 (Y>)
must be translated across the length of the rectangular patch to
the location of slot #1 and added to Y; (they are in parallel). If

this length (somewhere between Les and L and less than A/2) is
properly selected, the translated slot #2 admittance is

Y,=G,+ jB,~G,— jB =Y,.
Then, the input admittance and impedance become
Y, =Y, +Y, = 2G,

and

In Yin In 261
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Taking into account mutual coupling between the slots requires
an adjustment yielding

1
" 2(G,£G,)

where Gi2 is the mutual conductance between the slots and the
plus (+) sign is used for modes with asymmetric voltage
distributions (e.g., the dominant TMyio mode) and the minus (-)
sign is used for modes with symmetric voltage distributions.
The mutual conductance can be calculated using

kW ’
” H 0
Glzzijl sm( 2 COSH] Jo(k,Lsin@)sin’ 6 do
7o =0 cosé

where Jo( ) is a Bessel function of the first kind of order O (zero).
Usually, Gi2<< Ga.

Typically, Ri, is in the range of 150 to 300 Q2. To match a
feeding microstrip transmission line to this impedance would
require it to be very narrow; moreover, 50 Q lines are a de facto
standard in the RF circuit world.
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Therefore, the question arises, “How can we adjust Rin?”

> Rin can be decreased by increasing W. This action is limited
to W/L < 2 because the aperture efficiency of the slots drops
for W/L > 2.

> An alternative is to use an inset or recessed microstrip feed
(see Figure 14.11). This works because the voltage is a
maximum and the current a minimum at the edges of the
patch, leading to large impedance values. As we go into the
patch, the voltage drops and the current increases, leading to
smaller impedances until we reach the midpoint of the patch.

The input resistance of the inset feed is given by

1 7T G°+B’ . (7[ j B, . (27[ j
R = COS2 — 1—Sln2 — - 1 Sin| —
n(Yo) 2(617:@12){ (LyoJ+ y 2 CYo |7y Yo

c,feed c,feed

where Ycfeed = 1/Zcseed aNd Zcseed 1S the characteristic impedance
of the feeding microstrip transmission line (width Wp). Note:
the inset distance yo must be in the range 0 <y, < L/2 (can’t go
past middle of patch!).

The characteristic impedance Z. for any microstrip transmission
line of width W (i.e., the feed or patch) can be calculated using

60 In[Bh N W } V_V <1
gr,eﬁ W 4h h
. = |
C W To W V:I/ >1
Jgr'eﬁ {h +l.393+0.667|n(h+1.444ﬂ
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If G1/Ycreed << 1 and Bi/Ycreed << 1 (the typical case since the
width of the feeding microstrip is much less than that of the
rectangular patch), the input resistance of the inset feed becomes

1 T T
R ~ cos’| =v. |=R (0)cos?| =
ln(yO) 2 GliGlz LyO |n( ) LyO

which is plotted in Figure 14.11 (normalized by Rin(0)).
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(b) Normalized input resistance

Figure 14.11 Recessed microstrip-line feed and variation of normalized input
resistance. [From Balanis, Antenna Theory, Analysis and Design (Fourth Edition)]
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If we set Rin(yo) equal to the characteristic impedance of the
feeding transmission line Z¢weqd and note that Rin(0) — Rin in this
case, we can solve for the inset length

i Z
o~ Leosi| [Ra0) | L ogaf [Zee
a Rin (O) T R

In

The notch width n on either side of the inset feed introduces
some capacitance. This can impact the resonant frequency
slightly (=1%) and can change the input impedance. Also, the
feeding microstrip transmission line will perturb the radiation
from slot #1 (i.e., Y1 changes) which argues for minimizing n.
As a starting point, select the notch width n to fall in the range
0.2Wo < n < 0.5Wo. To get truly accurate results, a full-wave
numerical model of the antenna should be run after using the
design based on the transmission line model to get accurate
lengths and widths.

A similar process applies if a coaxial probe feed is used, i.e., the
input resistance can be decreased by moving the coaxial probe in
from the edge of the patch.
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Design Procedure

1) Specify & and h of substrate, the desired resonant frequency
fr, and the impedance Z feeq Of the feeding transmission line.

2) Calculate width of patch using

W = C 2
2f \ e +1

(selected to give good radiation efficiency). Strictly, the
patch width should be less than the length (i.e., W < L) to
ensure operation only in the TMoio mode. Practically, W>L
can be used if the patch is excited/driven so as not to excite
other modes (e.g., TMoo1 mode is dominant when W>1L). W
can be changed so long as W/L < 2, avoid aperture efficiency
decrease.

-0.5
3) Calculate &, 4= gr;1+ gfz_l{ulzvﬂv}

(6101 +O.3)(Vr\]/+0.264
4) Calculate AL=0.412h

W
(&e —0.258)(h+0.8

5) Calculate the effective length and guided wavelength A.

L ¢ and
" 2 fr \/ gr,ef‘f

A=2L,,
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6) Calculate the patch length L (see below) and L/A. Then,
calculate and check that W/L < 2. If necessary, reduce W
calculated in step 2 to be slightly less than 2L.

L:Leﬁ—ZAL:%—ZAL

7) Calculate G1~ G, and B1 = Bs.
W

Grest = 5n7 1—i(koh)z} for 1oL
= 1204, 24 4, 10
Blest=—W _1—0.636|n(koh)_ for £<i
’ 1204, - . 4, 10

1 7|sin K\ cosé || ..
numerically integrate G, = — _[ 2 sin°6dég

TTo oo

G
Bl - (G—l) Bl,est
1est

2r o .
where k, =— =— is the free space wave number.
C

8) Calculate the characteristic impedance Z.an: and admittance
Ycant fOr the rectangular microstrip antenna.

60 In{8h+W} W,
gr,eff W 4h h

ZC,ant = 770 W >1
Vewn H\/ +1.393+O.667In(vr\]/ +1.444ﬂ h
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and

YC ant = i
’ Z

c,ant

9) (Optional) Use Smith chart or direct calculation to verify
Y,=G,+ jB,~G, — jB =Y, .

10) Numerically calculate the mutual conductance between the
slots

kW ’
7| i | KWV
G, = L I sm( 2 COSH] Jo(k,Lsin@)sin’ 6 do
7 To =0 cosé

11) Calculate R, (used plus (+) sign in original equation).
1
" 2(G+Gy)

12) If an inset microstrip feed is required (i.e., Rin # Zcfeed),
calculate length yo of the inset needed to match the
rectangular patch to the feeding transmission line. When
G1/Ycreed << 1 and Bi1/Yceed << 1, a good starting point is

I— -1 Zc feed
~ —COS ’ :

This answer can be checked using

__ 1 (7Y, ), G 4B oAy, )__B . (27y
Rin(yo)_z(GliGu){cos( - )+ y 2 sm( L] v sm( C H

c,feed c,feed

If Rin(yo) is not equal to Zcted, the length yo should be
iteratively adjusted until Rin (Vo) = Zc feed.
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13) Determine the width W, of the feeding microstrip
transmission line.

Method 1:

If available, use information/tools from the manufacturer of
the substrate/PCB. For example, the Rogers Corporation
has an on-line JAVA calculator for determining the width
Wy of a microstrip transmission line based on desired Z, and

the particular substrate at
http://www.rogerscorporation.com/mwu/mwi java/Mwij vp.html

Method 2:
Iteratively (i.e., guess a starting value of Wo <W ) determine
the width Wy of the feeding transmission line using

-0.5
Ereff — i +1+ 8r2_1|:1+12v\1/:|

2 0
and
60 In{Sh +w0} W, .
gr,eff W0 4h h
Zc,feed =9 W 770 W V\I:O >1_
,/gr,eﬁ {h" +1.393+0.667In(h0 +1.444ﬂ

\

Note that the effective permittivity must be recalculated for
the feeding transmission line because it has different
dimensions than the patch antenna (i.e., it is much
narrower).


http://www.rogerscorporation.com/mwu/mwi_java/Mwij_vp.html
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Method 3:

Use the design equation

8" Wo s
W, e?h_2 h
Yo _ | :
h E{B -1-In(2B-1)+ gé _l{ln(B ~1)+0.39- 0'61}} \% > 2
T

r r

/ _
A= C'feed,/gf”ﬁf 10,234 01
60 \ 2 & +1 g
B: 77072-

ch,feed \/g |

14) Select the notch width n in the range 0.2Wo < n < 0.5Wo.

where

and

15) Draw the resulting design.
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