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Abstract

In this study, a novel dual-band multiple-feed microstrip antenna is introduced for GNSS applications. The proposed
antenna has a compact size of 1548 mm? and counts as a low-cost, low-profile antenna. The mathematical equations of
multiple-feed configuration are driven to analyze circular polarization (C' P) generation and find the effective parameters
on C'P value. It is shown that for an n-feed symmetric antenna, the phase shift of 27” between ports leads to pure
CP, regardless of the electrical field pattern. However, if the first feed electric field has equal value in the x and y
direction and also 90° phase shift, the C'P value is increased. A symmetric four-feed configuration is employed on the
antenna to generate C'P. Also, fractal circular rings and perturbing sectors are applied to miniaturize the antenna
and improve the C'P value. Numerical simulation shows that all feeding network requirements are met and the phase
shift is satisfied at both frequencies by using the coupler technique. Furthermore, results show desirable band width of
48 M Hz and 60 M Hz and high front to back ratio of 16.1 and 14 at f1=1.227 GHz and f3=1.575 GH z, respectively.
The axial ratio (AR) beam-width at both frequencies is more than 66°.
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1 Introduction

Microstrip patch antennas are widely used due to their compact size, low-cost and easy fabrication. However,
microstrip antenna has some drawbacks such as narrow band-width and low gain [I4]. Consequently, several new
techniques in the antenna design process are applied to improve the performance [16], [7), [T5].

Type of polarization is an important factor for the antenna application. In linear polarization, transmit and received
antenna have to be accurately aligned. However, circularly polarized antenna is able to receive signals regardless of
transmit and received antenna orientation. As a result, multipath elimination is the most important feature for
antenna with CP [15] 20].
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Feed type has considerable effect on the C'P production. Single feed configuration leads to easy design and
fabrication, however, some perturbations are needed in the structure of antenna with respect to the feed to excite
orthogonal modes [19]. Perturbations include slits [8 [1], cutting annular rings [3] 22} [13] 17, [6l 18, 2], cross shaped
slots [Bl 231 @], Y shaped slots [12] 23] 4], and truncating corners [2] 11 [16, 12].

The C'P quality is enhanced using multiple-feed configuration while they have large size and increase the antenna
size [3][6, 12, [I0]. There are some methods of decreasing the antenna size such as fractal structures which increase the
current length and cause a shift in resonant frequency. Thus, working at desire frequency leads to the size reduction
of antenna [11].

In this study, a multiple-feed dual-band antenna with C'P is proposed. The proposed antenna operates at GPS L1
(1575 M Hz) and L2 (1227 M Hz), GLONASS G1 (1602 M Hz) and G3 (1207 M Hz), Galileo E1 (1589 M Hz), E2
(1561 M Hz) and E5b (1207 M Hz) bands. The four-feed configuration is designed so that prevent the antenna size
increment. Also, fractal structure is applied to miniaturize the antenna. In the following sections, the theory of CP
production and effective parameters on C'P are evaluated. Furthermore, the antenna design process, feeding network
requirements and Numerical simulation results are stated.

2 Analysis of electrical field for circular polarization of multiple-feed antenna

Nth
Feed

@

@

Figure 1: Schematic of n-feed configuration

The electric field created by feeding port 1 in the z direction is stated as (2.1)).

E1 = €0y (21)

The field created by the second feeding port is implied as . Considering the symmetric arrangement of feed
location, the electric field resulting from Fjs is similar to F4, with the difference of §. The T matrix represents rotation
around the Z axis and is shown as . The time delay between excitation of the second port and first port is
considered as ¢.

€0z
E2 = e_j“" [T(&)] €oy (22)
€0z
cosf) —sinf 0
[T(0)] = | sinf cosf 0 (2.3)

0 0 1
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Similarly, the electric field caused by the N feeding port is calculated as (2.4)).
. €ox
E,=e 1V ((n—1)0)] | ey (2.4)
€0z

The total electrical field on the Z axis is obtained by summation of the fields of all N ports as written in (2.5).

n n—1 €0z
B =3 0= (S iman) | o 23)
i=1 i=0 €0z
The T matrix is written as (2.6)) for simpler calculations.
T
[T(0)] = [F(0)] + [F(-0)] (2.6)
The F' matrix is defined as (2.7):
1 el jel? 0
[F(0)] 2 5| g @0 (2.7)
0 0 1
Rewriting the total electric field in terms of matrix F' resulted in ([2.8)).
n n—1 - - €ox
Brotar = »_ B = (Z e=7'% ([F(i0)] + [F(i6)] )) eoy (2.8)
i=1 i=0 €0z
The first term of the series is calculated from ([2.9)).
n—1 1 n—1 el %ﬂa 0
Z e I [F(i0)] = 3 ej;" i 0 (2.9)
1=0 =0 0 0 efjitp
where « is defined as (2.10]).
al o+ (2.10)
From geometric series relationship, (2.11f) can be written.
n—1 ;
g 1 — eine
3 () = (2.11)
= 1—er@

In the above relationship, if a = 0, the value of the series will be "n”, which is equal to its limit when o — 0.
Therefore, the first term of the electric field series is calculated as (2.12)).

n—1 . 1 j 0

. 11 —elme .
S e [F(ie)]:ﬂiem —j 1 0 (2.12)
i=0 —€ O 0 1—e 7% 1-—¢’°

l—e—J% 1—eino

Using equations ([2.7) to (2.12)) yields the total electric field as (2.13)).

n—1 N €0z UEx — Veoy (&
Eiotar = (Z e 1 ([F(i0)] + [F(ZQ)]T)> Coy | =35 Veog j;:ieoy = | €y (2.13)
=0 €= 222"y, e

where u and v are defined as (2.14) and (2.15)).

Al—eine ] ¢einB

1 —ela 1 —e 9B (2.14)
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A l—ene ] eminB
=- - - 2.1
! TR e (2.15)
Also, § is implied as (2.16]).
BE—p—0 (2.16)

Finally, the components of the electric field in the direction of X,Y and Z are written as (2.17)), (2.18) and (2.19),
respectively.

1/1—em™ 1—eIm8 I L
emueof,;veoy2<1_€ja + 1—e—jﬁ>eoz+J2<1—eja - 1_€_j5>€0y (2.17)
1 /1—em 1 —e I8 1 [/1—emn> 1 —¢einf
ey:veow—l—ueoy:—j?(lem — lej5>€0w+2(1ejo‘ + 1ejﬁ)60y (2.18)

1 — e dnvw
ee = T co: (2.19)

The decomposition of the electric field into right-hand and left-hand parts is implied as and .
e =R+ L (2.20)
ey =jR—jL. (2.21)
Therefore, the right-handed electric field is calculated from .

_ g _ e inB
_eg—je, 1—ed .
R = 2 T 1 e—iB (6036 J€0y) (222)

Similarly, the left-handed electric field is obtained from ([2.23)).

ex +je,  1—el™

L= = -
2 1— el

(607; +j60y) (223)

The polar form of right-handed and left-handed electric fields are stated as (2.24)) and (2.25)), respectively.
R=|R| eler (2.24)
L =|L|el?r, (2.25)

In this study, the magnitude of the right-handed and left-handed fields are of interest. The magnitude of Right-
handed electric field is written in terms of f and g functions, as (2.26|).

|R| = f(ro,p,q,n)g(n, B) (2.26)
where the function g is defined as (2.27)),
. ng
sin %2
gn.8) = |z (2.27)
nsin g

and the function f is defined as (2.28)):

2psin g
1+ p?

f(ro.p,q;n) = "\/\60x|2 + leoy|” + j(core*oy — € 0zeoy) = nroy 1+ (2.28)

ro, p and ¢ are represented as the f function parameters, depend on the electric field of the first feed on the Z axis. p
and ¢ are defined in polar coordinates as (2.29)),

pelt = S (2.29)
€ox

ro = \/|eoe|” + leoy |- (2.30)

Also, 1 is stated as (2.30)),
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Similarly, the magnitude of the left-handed electric field is written as (2.31]).
IL| = f(ro,p, —q,n)g(n, ). (2.31)

As mentioned in (2.26), R is obtained by product of f and g functions. So maximizing f and g functions leads
to maximum value of R. The maximum value of f function is obtained by solving the system of equations stated in

(2.32), which results in p = 1 and ¢ = 90°. This is clearly illustrated by plotting the contour of normalized f function
(frre = LO) versus different p and ¢ in figure

{ 8f(ro.pan) _

nr

1%}
of(ropam) _ (2.32)
9q

qindegree

Figure 2: The normalized f function behavior towards p and q

The ¢ function states the spatial angle and temporal angle differences for the (n — 1)th and nth feeding port. Due
to spatial and time symmetry of feeding ports, 8 is obtained from ([2.33)).

_271'

0 (2.33)

n

Figure 3] depicts the g function value versus 8 for different number of feeding ports. As clearly shown, the maximum
value of g is occurred at f=0. Therefore, the value of ¢ is set to —6 as shown in (2.34).

o=-2" (2.34)

10

0.8+

0.2

0.0

Figure 3: The g function behavior towards 8 and n
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The polarization purity is evaluated by the axial ratio parameter, which is calculated from (2.35]).

B + |L]

AR = |2
|R| — |L|

(2.35)

Substituting the and in AR equation reveals . In the field of electromagnetic waves, AR is count
as a very important parameter. As it is clear from , the AR value is equal or greater than one and the smaller
it is, the higher C'P purity is achieved. In the case of AR=1, the pure polarization is obtained. Obviously, if either R
or L is zero, AR equals to 1.

_ |f(r07p7q7 n)g(naﬂﬂ + |f(r07p» —q, Il)g(
AR(p’ q’n’a’ﬂ) B (I'(),p q, 1 ) (n /8)| - |f(I'0,p, q, )g(

n,a
n, o

)

‘\/14‘172‘*‘2175111 ‘SIH—SIH + [v/1+p% —2psing ’sm sin % (2.36)
(\/1+p2+2psin —|4/1+p? —2psing

Figure [4] shows AR behavior towards n, o and .

SlIl ng Sln SlIl sin

h

Bindegree
Bindegree
Bindegree

aindegree

aindegree

(a) n=3 (b) n=4 (¢) n=5

Bindegree

Figure 4: AR(n,a, 8) [dB] for LP

Several special cases are considered to simplify and evaluate C'P behavior. For these cases AR equation is converted
to (2.37)). In other words, if the electric field of first feed is linear, AR is calculated from (2.37]).

vlR
N[

’sin % sin

+ ‘sin

3
RIS

AR(n, o, B) = 5 (2.37)

‘Sll’l sin £

‘sm 2

R
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The first case is ¢ = 0. As can be seen in (2.37)), the function AR for ¢ = 0 is independent of p and ro. It means
that, if there is no phase difference between the x and y components of the electric field, the axial ratio is independent
of their magnitude. The second case is ¢ = m which has the same behavior as ¢ = 0 refer to . p — 0 is considered
as the third state. As can be seen, in this case, the value of AR is independent of ¢. The fourth case is p — co where
the value of AR is independent of ¢, similar to the third case.

L and R function has the same subordination, while L is an « function, not a 8 one. At this state the « value is

obtained from ([2.38)).

2 2 4
n n n

By setting o = 47”, for n > 2, the L function becomes zero according to equation ([2.39).

Anm

47 sin sin 27
‘L| = f(rOvpa —-q, n)g(nv 7) = f(rO»P7 —-q, n) 724777 = f(r()vpa —-q, 1’1) 2w =0 (239)
n nsin% nblnT
2p sin
‘R| = f(rOapvqa n)g(n, 0) = f(r07p7qa Il) =nro 1+ P 1 (240)

1+ p?

Zero value of L function leads to AR=1 and thus pure right-handed circular polarization. It is noteworthy that
R value depends on the electric field produced by the first feeding port. However, regardless of the feeding ports
electric fields and thus R, pure right-handed circular polarization is achieved by adjusting the time phase shift value

of the feeding ports excitation with the negative spatial phase shift of the feeding ports. In a similar way, the pure
left-handed circular polarization is obtained.

3 Simulation Result

In this study, a new single-layer four feed dual-band GNSS antenna is designed to operate at resonant frequencies of
1.22 GHz and 1.575 GHz. The antenna geometry is depicted in Figure[5|. The geometric parameters of the designed
antenna and their optimum values are presented in table 1.

Substrate

Metal / N

(a) Top view (b) Back view

AL AL

(c) Side view

Figure 5: Geometry of the proposed antenna
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Table 1: The geometric parameters

Geometric parameters  Value (mm) Geometric parameters  Value (mm)
Ry 224 Wy 1.61
Ro 19.4 Wy 1.24
Rs 14.7 Ws 0.924
Ry 11.2 t1 0.89
R5 9.74 to 0.68

The feeding network is printed on a FR4 substrate with thickness of 2 mm and dielectric constant of 4.4. It consists
of a coaxial prob, phase shifter and a 4-way power divider. The fabricated antenna and feed location on the patch are
illustrated in Figure[6} As clearly shown feeds locations are symmetric.

Second Feed

Fourth Feed

Third Feed

Figure 6: Fabricated antenna

3.1 Feeding network design

As shown in Figure [7} Feeds should be excited with 90° time delay to generate circular polarization according to
the derived mathematical equations.

<]
Port 2

90°
— Port 3

Port 4
Port 5

Figure 7: Schematic of feeding network with required time delay

In the design of the feeding network, there are standard requirements. The first requirement is to match input
and output ports. It means that the return loss value of the input and output ports should be considered below -15
dB (for the input port, the safety margin of -20 dB is considered). Another requirement for the design of the feeding
network is the input-to-output transfer coefficient, which is ideally -6 dB (full division of the input power into four
output ports without any losses). In this study, the value of the transmission coefficient is considered at least -6.8
dB (equivalent to 0.8 dB path loss). Also, after counting the path losses, it is still necessary for the power in all
output ports to be equal to each other. The other requirement in the design of the feeding network is the isolation of
the four output ports from each other. Finally, the phase shift of the output ports must be 90° to produce circular
polarization, which is also a requirement of the network design. In the presented design, in order to comply with the
aforementioned restrictions, the following elements have been used:
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e Transmission line: to produce a 90° phase shift between the output ports

e Narrowing transmission line: to adapt to the entry and exit

e Open circuit transmission line: to create matching impedance

e Connection element (4 ways): dividing the input signal into four parts (for four output ports)
e Coupler: To produce 90° phase shift at second resonant frequency

e Electrical resistance: to create isolation

The matching, isolation, transfer coefficient and phase difference of the designed feeding network are presented in
Figures [§] to [[T]respectively. Port 1 in following figures refers to input port and port 2 to port 5 implies the output
ports.

-12

0
-104 -14 4
8 20+ 8 -164
€ g
£ £
g -30 7 -18-
g g
-404 -20| I=-=--Port2
: ......... Port 3
I---- Port4
= — Ports
-50 T T -22 T T T T T = T
12 13 14 15 16 120 121 122 123 124 156 157 158 159 160
Frequency (GHz) Frequency (GHz)
(a) General view (b) Magnified view

Figure 8: Matching of input and output ports

As shown in Figure [§] the return loss value of all input and output ports in the designed feeding network is below
-12 dB and the matching conditions are satisfied.

5 ‘ 2 SL2 —CPSLL

| T |

-10 I i 1 L 1

I I I
5 | -14+ | X J
| . 4 | _—_
I I I
20 1 4 L |
"l -16 - 1 | B
o 25 ! 4 s | 1
3 ! 8 ! ——Port 2 To Port 3
s | S |
S .30 , i S .18+ X —-—--Port2ToPort4 ||
"/ I I W e [ Port 2 To Port 5
B 35 | .72 : 4 ] ‘ ---- Port 3ToPort4
- H AN = .

s l—Pot2ToPO3| L 20 ! RNl
- —-Port2ToPort4| # | | nato
--F’ortZToPons‘ f I 4 I I
---- Port3ToPort 4, ! -2 | et

-50—~ — Port3ToPort5 ‘5 I 1 | 1

- Port4ToPort5 {; ! ! !

-55 T : T T L -24 T ——————

12 13 14 15 16 120 121 122 123 124 156 157 158 159 160
Frequency (GH2) Frequency (GHz)
(a) General view (b) Magnified view

Figure 9: Isolation of output ports from each other

Figure 9] illustrates that the return loss of the antenna output ports relative to each other is below -12 dB. Hence
output ports are isolated from each other.
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Figure 10: Input to output ports transfer coefficient

It is clear from Figure [10] that despite the use of low-cost FR4 substrate with high losses, the maximum path loss
is about 0.8 dB. Consequently the transmission coefficient requirement is met.

The defined phase shift of ports 3, 4 and 5 relative to port 2 should be -90°, -180° and -270° respectively. The
difference of real values from defined values of phase shifts should ideally be zero. The difference from zero indicates
the design error and this is implied as PE3, PE4 and PE5 for ports 3 to 5, respectively and illustrated in Figure

As clearly shown, the maximum error in this study is about 9 degrees which is acceptable for phase difference
requirement.

Phase Shift (Degree)
Phase Shift (Degree)

Lk EP, .
12 e b
120 121 122 123 124 156 157 158 159 160
Frequency (GHz) Frequency (GHz)
(a) General view (b) Magnified view

Figure 11: Phase shift of output ports relative to each other

The phase shift between the ports is created by a part of the transmission line. According to the following
relationship, the phase shift is proportional to the physical length of the transmission line.

2ty %ﬂf (3.1)

where EL is the electrical length of the transmission line (which indicates the amount of phase shift of the transmission
line) in [rad], B states the Phase constant in [rad/s|, A implies the wavelength in [m], f is the frequency in [Hz] and
1 is the physical length of the line in [m]. Since the electrical length of the line is proportional to the frequency, the
transmission line cannot provide the condition of 270° phase shift at both frequencies. In practice, if the physical
length of the line is set to provide electrical length of 4.71 radians (270°) at GPS L2=1.22 GH z, then at the frequency

21
EFEL=pl=—I=
B A

c
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of GPS L1=1.575 GH z, the electrical length of the line will be 6.08 radians (348°) and therefore error of 1.37 (78.5°)
is occurred. Comnsequently, in this study, a coupler is used instead of the transmission line. By using a coupler, the
relationship between the electrical length of the transmission line and the frequency is not necessarily linear, and
therefore, with the right design, the phase shift can be almost the same at both frequencies as earlier shown in Figure

am

The schematic of the designed feeding network and also the fabricated one is depicted in Figure [I2 and Figure [I3]
respectively.

(] Port 2 l
Dual band 90° |
S - 2£ Port 3
Port 1 |
Dual band 180° Port 4
- >< Dual band 90°

|
zg Port 5

Figure 12: Schematic of feeding network

Port 1

Figure 13: Fabricated Feeding Network

3.2 Antenna performance

In this investigation, a dual-band, low-cost, miniaturized microstrip antenna is designed for GNSS applications.
The proposed antenna is able to operate at GPS L1 (1575 M Hz) and L2 (1227 M Hz), GLONASS G1 (1602 M Hz)
and G3 (1207 M Hz), Galileo E1 (1589 M Hz), E2 (1561 M Hz) and E5b (1207 M Hz) bands. Circular polarization
is generated by creating circular slots on the patch, generating fractal sectors and also employing a four-fed network.
Novel geometry, easy and low-cost fabrication and compact size are the main aspects of the designed antenna. The
antenna size is 1548 mm? with the thickness of 2 mm. Results are expressed in terms of return loss, right hand
electrical field and AR. The return loss versus frequency is shown in Figure [I4] The proposed antenna has desirable
band-width of 48 and 60 M Hz at f; =1.227GHz (GPS L2) and f, =1.575GHz (GPS L1), respectively.
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Return Loss (dB)
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— —
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Frequency (GHz)

(b) Magnified view

Figure 14: Return loss curve

The axial ratio of the proposed antenna is plotted in Figure As it is clearly shown, at more than 66°, the AR
is below 3dB which is an indication of the pure right-handed circular polarization.

0indegree

0
¢ indegree

(a) GPS L1 frequency

0 indegree

¢ indegree

(b) GPS L2 frequency

Figure 15: Antenna Axial Ratio

4 Conclusion

In this study a low-cost, miniaturized, dual-band microstrip antenna is proposed. The resonant frequencies are
GPS L1=1.575 GH z and L2=1.227 GH z. Multiple-feed relations are driven to analyze situations leads to pure circular
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polarization. Finally the four-feed antenna performance is evaluated via numerical simulation. The following results
are obtained.

- For a symmetric n-feed antenna, setting the temporal phase shift as the negative value of spatial phase shift

(—2%), leads to pure circular polarization regardless the properties of electrical field.

- The electric field of first feed with same value of x and y component and also 90° phase shift between them
increase the right-hand circular polarization gain.

- In the dual-band 4-feed Antenna, the phase shift requirement at both resonant frequency is met, using coupler
device.

- The proposed antenna has desirable performance with band-width of 48 M Hz and 60 M Hz and also front to
back ratio of 10.4 dB and 40 dB at GPS L1 and GPS L2, respectively. The AR at both frequencies is more than 66°.
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