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Abstract—In this paper, a four unit cell micron-sized magnetic 
particles embedded composite right/left-handed (CRLH) trans-
mission line metamaterial phase shifter is proposed. The vari-
able phases are achieved by activating the micron-sized magnetic 
particles along the length of stub transmission lines of the CRLH 
transmission line structure.  This causes to effectively change the 
inductance of stub transmission lines, which changes the phase of 
the RF signal. These structures can be activated in a symmetric 
or asymmetrical manner to obtain wide range of phase shifts. A 
prototype of cascaded four unit cell CRLH transmission line phase 
shifter with embedded silver-coated ferrites (magnetic particles) 
is designed, fabricated and tested for phase shifters applications. 
The measured phase response of the proposed phase shifter is in 
close agreement with the simulated phase response. Next, for the 
performance analysis of proposed phase shifter, a 1 × 4 conformal 
curved-shaped phased array operating at 5.8 GHz is fed with the 
four unit cell cascaded phase shifter in CST full-wave simulator. 
The conformal phased array with proposed integrated phase shift-
ers was simulated for broadside pattern correction and main beam 
scanning at 20 degree on curved-shaped surface with different 
bend angles. The radiation pattern results obtained with the pro-
posed integrated phase shifters are in close agreement with those 
obtained with direct excitation of the array. 

Index Terms—CRLH transmission line, conformal antenna, 
silver-coated magnetic particles, metamaterial transmission line, 
conformal array. 
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I. Introduction

THE conformal antennas are gaining popularity in a variety 
of applications, including radar and mobile communication 

systems. The conformal phased arrays have shown promising 
solutions for curved platforms, because of their wide azimuthal 
coverage, compact volume, resistance to wind pressure, effi-
cient array aperture, and smooth integration with the aero plat-
forms [1]. Conformal phased array antennas are needed in mili-
tary radars, on-board satellite communication payloads, aircraft 
wings and for installation on non-planar geometries of ships 

and trains. In literature, most of the conformal phased arrays 
are driven with commercially available phase shifters [2]–[7]. 
However, one of the major drawback of these commercially 
available phase shifters is the intentional/unintentional break-
age of chip ICs (integrated circuits) and/or their inability of 
flexing on conformal shaped surfaces [8,9]. Recently a new 
phase shifter based on graphene material is designed, and its 
performance for integration with conformal antenna array is 
evaluated [10]. The required phase shift is achieved by chang-
ing the applied voltage and resistance of the graphene material. 
The graphene based phase shifter requires an external DC (di-
rect current) power supply, which will increase the complexity 
for large antenna arrays.

 Traditionally, switching elements (RF diodes) and tunable 
capacitance characteristic of varactor diodes are exploited in 
the composite right/left-handed (CRLH) transmission lines to 
achieve the variable phase responses [11]-[13]. External RF 
(radio frequency) chokes/capacitors are required to operate the 
microwave diodes to achieve different phase shifts. These ex-
ternal DC voltages degrade the efficiency of the phase com-
pensation circuits [14]. The conventional phase shifters used in 
the conformal phased arrays cannot be integrated with antenna 
elements to make them flexible on conformal surfaces.  

In the proposed work, a curved-shaped 1×4 conformal 
phased array is integrated with novel fully printable and con-
formal phase shifters based on CRLH transmission line. Mi-
cron-sized magnetically aligned particles [15] are embedded 
inside the CRLH structure to control its left-handed inductance 
and capacitance parameters. The variable phase shift is obtained 
by activating and deactivating the magnetic particles inside the 
CRLH transmission line: this varies the effective length of cur-
rent flow in stub/fingers of the CRLH transmission line, which 
causes to change the inductance/capacitance parameters of the 
CRLH structure, thereby changing the phase response. 

The proposed work is different from the similar work in 
[16]- [17] as follows: In [16], a cylindrical phased array driven 
by particles reinforced metamaterial phase shifters is proposed. 
The maximum phase shift of 45o is achieved, while in this work, 
a maximum phase shift of  180o is obtained by cascading four 
unit cell particles based CRLH phase shifter. In [16], the anten-
na elements in the array are separately excited with the phase 
shifters, while in this work, the conformal array is integrated 
with the proposed phase shifters on a single printed circuit 
board, paving the way for its integration on a fully conformal 
RF electronics applications. The work in [17] has explored the 
extended phase shift range up to 180o using the particles rein-
forced CRLH structure. However, the beam scanning capability 
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by using only the linear patch antenna array is demonstrated. 
Each antenna element in the array is excited with different num-
ber of phase shifters to achieve the main beam scanning, which 
complicates the design. In the proposed work, all the antenna 
elements in the conformal array are excited with equal num-
ber of phase shifters, thus enabling the design much simpler 
as compared to [17]. In addition, the performance of proposed 
phase shifter is demonstrated using the array on a non-planar 
shaped surface, thus enabling the potential uses of proposed 
phase shifter on a more general array’s geometry. 

The conformal curved-shaped phased array driven with mi-
cron-sized magnetic particles embedded CRLH transmission 
line phase shifters has a wide range of applications, including 
radar, satellite communication, and possible integration with 
non-planar microwave electronics devices, where the existing 
chip based phase shifters have definite drawbacks.    

The paper is organized as follows: the design and simulation 
results analysis of the proposed phase shifter is explained in 
Section II, followed by the measurement setup and results for 
the proposed phase shifter in Section III. Section IV evaluates 
the 1 × 4 singly curved conformal phased array with proposed 
integrated phase shifters in CST platform. Section V finally 
concludes the paper.

II. Design of Particles Embedded CRLH Phase Shifter

A.Single Unit Cell Phase Shifter
Initially, the micron-sized magnetically aligned particles 

[15] are embedded along the symmetrical length of stub lines 
in the metamaterial composite right/left-handed (CRLH) unit 
cell structure. The resulting new CRLH unit cell structure with 
embedded magnetic Particles is denoted as ‘P-CRLH’ phase 
shifter. The embedding procedure of particles is achieved using 
a structure called MRS (Magneto-static Responsive Structure) 
which is illustrated in Fig. 1. The MRS is made up of a small 
section of substrate with a cavity hole drilled in it and with top 
and bottom copper layers. Then, the micron-sized magneto-stat-
ic particles are partially inserted in the cavity. In the absence of 
applied magnetic field, the magnetic particles inside the cavity 
settles down and the MRS acts as an off switch (MRS is deac-
tivated). After application of a static magnetic field (with a tiny 

magnet) beneath the substrate section, the particles get aligned 
vertically in the direction of the applied magnetic field, con-
necting the two conductive copper layers (MRS is activated). 
The detailed procedure for designing and fabrication of MRSs 
are mentioned in [16]. Next, these MRSs are embedded along 
the length of stub lines of a CRLH structure as shown in Fig. 2 
and are numbered as 1 to 16. 

Fig. 2.  A unit cell P-CRLH phase shifter. MRSs (numbered 1 to 16) are em-
bedded in a unit cell CRLH transmission line acting as a variable phase shifter.   

By activating and deactivating any MRS or group of MRSs, 
changes the physical length of stubs, which in turn changes the 
four structural parameters (LL, CL, LR, CR), and the phase behav-
ior (ϕ21) from port 1 to port 2 of the CRLH transmission line in 
Fig. 2 using the following expression [17]:

Formula 1

𝜙𝜙21 = (𝜔𝜔√LRCR −
1

ω√LLCL
× L𝑔𝑔 (1)

	 	  (1)

 
where LL, CL are the left-handed inductance/capacitance, LL, CL 
are the right-handed inductance/capacitance and Lg is the phys-
ical length of the proposed phase shifter in Fig. 2. Equation (1) 
shows that the desired phase shift can be obtained by selecting 
the appropriate structural parameters (LL, CL, LR, CR) through 
designing the physical dimensions of phase shifter in Fig. 2.   

B. Equivalent Circuit Modeling 
The equivalent electronics circuit π-model of the unit cell 

P-CRLH phase shifter is developed using the approach in [19] 
and is shown in Fig. 3. The model consists of three sections 
labelled as microstrip transmission line (Microstrip TL), Stub 
Inductor (SI) and Inter-Digital Capacitor (IDC). The effects due 
to the physical length of microstrip TL in Fig. 2 is represented 
as series inductance Lμs and the capacitance between microstrip 
TL and ground plane is represented as Cμs in Fig. 3. The Stub 
Inductor (SI) section consists of series inductance Ls

SI (due to 
physical length of stub inductor), parallel inductance Lp

SI (due 
to magnetic particles in the cavity), and parallel capacitance 
Cp

SI (due to cavity). The IDC section consists of series induc-
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plate
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d

Fig. 1.  MRS structure with silver-coated ferrite magnetic particles. 
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tance Ls
IDC (due to physical length of fingers), series capaci-

tance Cs
IDC

 (due to gaps among fingers), and parallel capaci-
tance Cp

IDC (between fingers and ground plane). The numerical 
values of these model parameters are extracted using the proce-
dure outlined in [17], and are given in the caption of Fig. 3. The 
four structural parameters in equation (1) are computed using 
the following expressions [18].  

Formula 2

LR = LS
IDC +

LS 
SI

2
LR = 2CP

IDC + CP 
SI 

LL = LP 
SI

CL = CS
IDC }

 
 

 
 

 (2)

	

(2)

 
The simulated MATLAB (using equation (1)), CST full-

wave (using Fig. 2), and ADS circuit simulator (using circuit 
in Fig. 3) results for reflection coefficient, insertion loss and 
phase response are shown in Figs. 4 and 5. The CST results 
of S11 in Fig. 4 are below -10 dB over the desired frequency 
band (5-6 GHz), indicating good impedance matching charac-
teristics. While S11 results in analytical/ADS schematic are -8 
dB from 5 to 5.5 GHz and are below -10 dB onward 5.5 GHz. 
The mismatch between CST and analytical/circuit simulator re-
sults are due to the lossless analytical model assumption in Fig. 
3. That is resistive/conductive losses are ignored in the circuit 
modeling. 
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Fig. 4.  Simulated analytical, circuit and full-wave results of reflection coeffi
cient and insertion loss for the unit cell P-CRLH phase shifter (MRSs 1-3 and 

MRSs 9-11 are activated in Fig. 2). 
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Fig. 5.  Simulated analytical, circuit and full-wave results of phase response for 
the unit cell P-CRLH phase shifter (MRSs 1-3 and MRSs 9-11 are activated in 
Fig. 2). 

The phase response in Fig. 5 is linear over the frequency 
band with slight deviations between CST and analytical/circuit 
simulator results due to perfect circuit modeling assumption.     

C. Cascaded Unit Cells Phase Shifter
In this work, to obtain wider range of phase shifts, four 

unit cell are cascaded as shown in Fig. 6. The parametric study 
of MRSs activation on the S-parameters for a four unit cell 
P-CRLH phase shifter is given in Fig. 7. The CST simulated 
results of reflection coefficients and insertion losses are shown 
in Fig. 7(a). The reflection coefficient is less than 10 dB and 
maximum insertion loss is -2.2 dB over the operating C-band 
(5-6) GHz. The value of reflection coefficient is approximately 
-8 dB from 5-5.3 GHz and is below -10 dB beyond 5.3 GHz for 
MRSs 1-8 & 9-16 activation. This is due to taking out almost 
entire stub lines from the P-CRLH structure. Therefore, in this 
case, the only dominant parameter is inductive capacitance CL  
in equations (1) and (2). The corresponding phase responses are 
shown in Fig. 7(b). The maximum step size (that is difference 
between phase slopes of MRSs 1 & 9 activation and MRSs 1-8 
& 9-16 activation) of phase response varies from 180o to 250o 
over the 5-6 GHz band. The phase slope is almost constant and 
therefore the main beam scanning can be achieved with the pro-
posed cascaded phase shifter. 

Fig. 3.  Equivalent electronics circuit π-model of the proposed unit cell P-CRLH phase shifter. Lμs = 0.5 nH, Cμs = 0.36 pF, Ls
SI = 0.82 nH, Lp

SI = 1.47 nH,  
Cps

SI = 0.36 pF, Ls
IDC = 0.64 nH, Cp

IDC = 1.72 pF, Cs
IDC = 2.85 pF. 
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Fig. 7.  CST simulated parametric study of cascaded four unit cell P-CRLH 
phase shifter for various MRSs activation. (a) reflection coefficients |S11| and 
insertion losses |S21| (b) phases  ∠ S21.

III. Measurement Setup and Results

The measurement setup of the four unit cell fabricated 
P-CRLH phase shifter is shown in Fig. 8. The fabrication pro-
cedure is illustrated in [16, 17] and is not mentioned here. The 
cascaded P-CRLH phase shifter is connected to ports 1 and 4 
of the in-house calibrated Agilent network analyzer (model no. 
E5071C). The small axial magnets beneath the MRSs are also 
shown in Fig. 8. The alignment (activation) of magnetic parti-
cles within the MRSs are achieved with the applied magnetic 
field through the magnets. Two cases are measured: in case 1, 
all MRSs are deactivated and in case 2, MRSs 2 and 10 are 
activated in the unit cells 1 and 3 respectively. The measured re-
sults of the reflection coefficient, insertion loss and phase shift 
are compared with the simulation results. The simulated |S11| ≤ 

–10dB and measured |S11| ≤ –8dB for case 1 in the frequency 
range (5.38–6) GHz are shown in Fig. 9. The minimum inser-
tion loss |S21| = –2 dB and maximum insertion loss is –6 dB for 
both the cases in Fig. 9. 

Fig. 8.  Measurement setup of fabricated P-CRLH phase shifter connected with 
network analyzer (model no. E5071C Agilent Keysight).
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P-CRLH phase shifter.
The simulated/measured phase response in Fig. 10 shows 

a 70.56o phase shift between activated and deactivated MRSs. 
The simulated and measured phase responses are in good agree-
ment within 4 – 5o phase deviation, validating the modeling ac-
curacy discussed in Section II. A similar behavior of the phase 
response is also demonstrated in [16]-[17]. 

IV. Singly Curved Conformal Phased Array with 
Integrated Phase Shifters

For performance analysis, the four unit cell series-connect-
ed P-CRLH phase shifters are integrated with 1 × 4 patch anten-
na array on a curved shaped non-conducting surface bent at30o 

and 45o angles (θB) in CST full-wave simulator as shown in Fig. 
11. The spacing between adjacent antenna elements is λ/2  at fo 
= 5.8 GHz. The phase shifts required for main beam at broad-
side and at 20o scan angle on a singly curved-shaped surface 
are computed using the projection method in [20] and are given 
in Table I. The phase shifts obtained with the proposed four 
unit cell P-CRLH phase shifter are also given in Table I. The 
required activation of MRSs to achieve phase shifts through the 
four unit cell P-CRLH phase shifter are numbered in Table II.

  

Fig. 11.  CST model of the 1 × 4 patch antenna array with integrated P-CRLH 
phase shifters on the curved surface with bend angle θB.  

Initially, the 1 × 4 patch antenna array on the curved-shaped 
surface in Fig. 11 was directly excited (without P-CRLH phase 
shifters) with the computed phases in Table I. The CST sim-
ulated gain patterns for directly excited phases are shown in  
Fig. 12. Then the same 1 × 4 patch antenna array on the curved-
shaped surface in Fig. 11 was excited with the P-CRLH phases 
in Table 1 and the resulting gain patterns are also shown in  
Fig. 12. Using the 30o bent curved surface: for broadside pat-
tern, the peak gain is 9.48 dB for directly excited array, and it is 
7.38 dB for P-CRLH excited array as shown in Fig. 12(a). For 
scanned pattern, the peak gain is 9.18 dB for directly excited 
array, and it is 6.72 dB for P-CRLH excited array as shown in 

TABLE I
Computed and simulated phases (degrees) for broadside and 20o main beam scanning (θS) on a singly curved-shaped conformal surface with bend 

angles θB = 30o  and 45o 

Bend angle (θB)

Antenna element

Scan angle (θS  = 0o) Scan angle (θS  = 20o)

30o

Computed phases using 
the projection method 
[20]

Achieved phases through 
P-CRLH phase shifter  
in this work

Computed phases using the 
projection method [20]

Achieved phases through 
P-CRLH phase shifter  in 
this work

A1 -52 -52.43 -87 -87.60

A2 -142 -142.21 -115.5 -114.32

A3 -142 -142.21 -54 -52.43

A4 -52 -52.43 97.5 88.05

45o

A1 215 or -145 -142.21 -92 -92.34

A2 88 88.05 -157.5 -163.24

A3 88 88.05 -96 -92.34

A4 215 or -145 -142.21 93 88.05

TABLE II
Activated MRSs to achieve the phases in TABLE 1

P-CRLH Phases MRSs activations in four unit P-CRLH phase shifter (see numbering in Fig. 3)
Unit Cell-1 Unit Cell-2 Unit Cell-3 Unit Cell-4

-52.43 OFF OFF OFF 0FF
-142.21 1-4,9-12 1-4,9-12 1-4,9-12 1-4,9-12
-87.60 1-6,9-14 1-6,9-14 1-6,9-14 1-6,9-14
-114.32 1-5,9-13 1-5,9-13 1-5,9-13 1-5,9-13
88.05 1,9 1,9 1,9 1,9
-92.34 1-2,9-10 OFF OFF OFF
-163.24 1,9 OFF OFF 1,9 
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Fig. 12(b). On 45o bent curved surface: for broadside pattern, 
the peak gain is 8.45 dB for directly excited array, while it is 
6.57 dB for P-CRLH excited array as shown in Fig. 12(c). For 
scanned pattern, the peak gain is 8.15 dB for directly excited 
array, and it is 6.2 dB for P-CRLH excited array as shown in 
Fig. 12(d). 

The differences in the gains of main beam peak are due to 
the lack of achieving perfect phases with P-CRLH phase shifter 
as compared to the computed phases and are also investigated 
in [17]. Since, the emphasis in this work is on the main beam 
correction only, therefore, the radiation pattern results of the 
P-CRLH excited curved conformal array for broadside and 
scanning case fairly agree with the directly excited array as 
shown in Fig. 12. The deviations of P-CRLH excited patterns 
from directly excited patterns (other than peak gain differences) 
are thought to be due to the mutual coupling effects between 
P-CRLH phase shifters.   

V. Conclusion  

A 1 × 4 conformal singly curved-shaped array with integrat-
ed magnetically aligned particles inside the composite right/
left-handed (CRLH) transmission line working as phase shifter 
for broadside and main beam scanned at 20o  is investigated.  
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Fig. 12.  CST Simulated radiation patterns of a 1 × 4 P-CRLH phase shifters 
integrated curved-shaped array. (a), (b) are broadside and scanned results on 
the curved surface with bend angle of  θB = 30o; and (c), (d) are broadside and 
scanned results on the curved surface with θB = 45o.

The variable phases were obtained as a result of changes in 
the left-handed (LH) inductance in the proposed CRLH phase 
shifter. The proposed particles embedded CRLH phase shifter 
is an alternative solution to conventional diodes based CRLH 
phase shifter with added advantages of (i) external DC bias-
ing control circuitry is not required, (ii) activation of embedded 
particles is achieved beneath the ground plane, thus isolating 
the RF signal from DC biasing circuitry, and (iii) highly suit-
able for flexible and conformal phased arrays, as there are no 
discrete components required for its operation. Future work in-
cludes investigating the proposed phase shifter on flexible sub-
strates for its uses on fully printable conformal phased arrays.
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