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Abstract— In principle, both scalar and tensor holographic
artificial impedance surfaces (HAISs) can generate circularly-
polarized waves. It is found, however, the previously-reported
works on circularly-polarized holographic antennas are based
on tensor impedance surfaces. This paper studies the
generations of circularly-polarized waves by using scalar and
tensor HAISs, and compare their performance in terms of
design complexity, impedance bandwidth, 3-dB axial ratio
(AR) bandwidth, realized gains, etc. The mechanisms of
producing circularly-polarized waves using scalar and tensor
HAISs are first formulated and presented. Two right-hand
circularly-polarized  holographic  antennas are then
implemented with the scalar and tensor HAISs, respectively,
and simulated. The simulations conclude that the tensor HAIS
indeed outperforms the scalar HAIS in generation of
circularly-polarized waves. In particular, the peak gain of the
tensor HAIS is much higher than that of the scalar HAIS. The
conclusions obtained in this paper give a clear answer on
designing circularly-polarized HAISs with good performance.

Index  Terms—scalar, tensor, holographic artificial
impedance surface, circularly polarization.

L INTRODUCTION

The holographic artificial impedance surface (HAIS), a
kind of sinusoidally-modulated reactant surface (SMRS)
[1],[2], has attracted much interest in recent years since it
features low profiles, high gain, and low cost [3]-[5]. The
working mechanism of the HAIS combines the leaky wave
theory, surface wave principle, artificial modulated surface
concept, and holographic antennas technology [6].
According to the holography principle, an HAIS is regarded
as a hologram that is constructed by two coherent waves
(object and reference waves) [7]. When the HAIS is excited
with the reference wave, it can radiate a kind of
electromagnetic wave that perfectly matches the object wave.
As a result, different types of HAISs have been designed
according to the object waves with different properties. In
2010, Fong, et al proposed scalar (isotropic) and tensor
(anisotropic) unit cells that could be fully employed to
implement HAISs capable of radiating linearly-polarized (LP)
and circularly-polarized (CP) waves, respectively [6].

Technically, it is essential to figure out the relationship
between the effective surface impedance that scalar or tensor
unit cell can offer and its dimension to design an HAIS.
The main difference between scalar and tensor unit cells lies
in the effective surface impedances which are scalar and
tensor, respectively A scalar unit cell typically is
geometrically symmetrical, while geometrical asymmetries
should be introduced for a tensor unit cell such as

square/circular patches with slots [8], [9], metallic strips [10],

and rectangle patches [11] so that the tensor unit cell can
generate arbitrarily polarized waves by modulating the
currents and fields in any directions [6]. Due to the
powerful properties of tensor unit cells, they have been
widely employed to generate CP waves [9, 12, 13] and
vertex waves with orbital angular momentum (OAM) modes
[14], [15]. However, the CP and vertex waves can also be
generated by using scalar HAISs when the target wave is a
circularly-polarized one according to the holography
principle [16]. To the best knowledge of the authors, no
comparative studies on generation of CP waves using scalar
and tensor HAISs have been reported. As a result, this paper
gives comprehensive investigations and comparisons of CP
scalar and tensor HAISs in terms of mechanism formulation,
impedance bandwidth, 3-dB axial ratio (AR) bandwidth,
realized gain, etc.

II.  DESIGN AND METHODOLOGY

In this section, the mechanisms of generating right-hand
circularly-polarized (RHCP) waves by using scalar and
tensor HAISs are formulated.

Fig. 1 gives a schematic diagram of an HAIS, where the
HAIS is mainly determined by the reference and object
waves. The reference waves are typically generated with
monopole antennas. For scalar and tensor HAISs, the
reference and object waves are different. As a result, it is
essential to figure out the specific expressions of reference
and object waves, then the HAISs can be configured
accordingly.

Object wave

Fig. 1. Schematic diagram of the HAIS.
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To generate CP waves, the expressions of the reference
waves for scalar and tensor HAISs are given by:

Wre = e_jkrp (la)

Ty = (=342 pye e (1b)
pp

where ¥,.rin (1a) and J,.rin (1b) respectively correspond to
the reference waves for scalar and tensor HAIS. k; represents
the transverse wave vector, and p is the radial distance from
the monopole. From Egs. (1a) and (1b), the expression of
the reference wave for the tensor HAIS is a two-
dimensional vector, while it is a scalar for the scalar HAIS.
According to the holography principle, the object waves
should be RHCP waves, and can be expressed as:

— jk(xcos@+ysing) sin@+arccos, x>0
P

— jk(xcosp+ysing) sin G+arccos(27—2),x<0

W, =€ p (2a)

(—sin@+ jcosOcos @)x + ip
_ e

v (cos @+ jcosBcos )y — jsin 62 (2b)
where ¥, in (2a) and E,; in (2b) respectively represent
objective (RHCP) waves for scalar and tensor HAISs. ¢
and 6 are azimuth angle and elevation angle. arccos(y/p) and
2m — arccos(y/p) are additional phases to realize right-hand
circular polarization. On the other hand, the surface
impedances of scalar and tensor HAISs are calculated by:

Z.\'mf = jZavc +MRe(‘yabjl//w/ ) (33)
{jZXX jZn} [jzm 0 j
Zsurf =l . = .
JZ, Jz, 0 jZ, (3b)
M . .
+ j7lm(Eob/ ', -J, ®F,)

where Zg,s corresponds to the surface impedance. Za.
denotes the average value of the surface impedance, and M is
the modulation depth. ‘¥ and ‘®’ in (3b) represent
Hermitian conjugation and Kronecker product.

Once the reference and object waves are determined, the
desired surface impedances with respect to the position are
needed to implement the scaler and tensor HAISs. Fig. 2
depicts scalar and tensor unit cells that have been widely
used in designing HAISs. As is well known, the surface
impedances of the scalar and tensor unit cells are closely
associated with certain dimensions of the unit cells. The
periodicities of the unit cells shown in Fig. 2 are 3 mm, the
substrates are with a 1.5 mm thickness and a dielectric
constant of 2.65, and the frequency of interest is selected as
17.5 GHz. For the scalar unit cell shown in Fig. 2(a), the

surface impedance can be controlled by solely adjusting the
gap g and the phase difference in x-direction as the scalar
unit cell is perfectly geometric symmetry. After doing some
simulations, the relationship between the surface impedance
and parameter g can be fitted with a polynomial as following:

g=82

- 822" + S Z

surf

+C, 4)

surf

where S; =-3.05x107, S, = 3.14x107%, S5 = -1.12x1072, and
Ci = 13.83. While it is more complicated to determine the
relationship for the tensor unit cell. We need to consider the
components of Z, Z,,, and Z,,, as well as g, 0,, g, and phase
differences both in x and y directions, as shown in Fig. 2(b).
Here we fix g, as 0.2 mm, the surface impedance with
respect to the dimensions of the tensor unit cell can be
calculated as [13]:

6 = l9k| (5a)

5 Zsurf_off ~ Zsurf_eff_max

Z s omas = 09487 =12.7g7 +65.5¢"' +107 (5b)

where Zgs eff max 18 the maximum value of the Zg,r o, and
Zsuy off 1S given by

me}/f = j377A+7 ‘B;'m') (63)
where
[ 2 _ 2
A=—jB1T+2,Z,-Z) (6b)
B=-Q77°+2,2,-2) (6¢)

C=4x377’[ Z,sin* 6, - Z,,5in(26,) + Z,, cos’ §, | (6d)

D=Z_cos*6, + Z,sin(26,)+Z, sin® 6, (6¢)

E=754[Z,sin* 6, - Z, sin(26,) + Z,, cos’ 6, | (61)
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Fig. 2 Top view of (a) a scalar unit cell; and(b) tensor unit cell.
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In Eq. (3a), the desired surface impedance for
implementations of scalar and tensor HAISs also relies on
Zae and M which are initially set as 175 Q and 110,
respectively. Therefore, the scalar HAIS can be constructed
with (3a) and (4), while the tensor HAIS can be established
by (3b), (5), and (6). The final patterns of the scalar and
tensor HAIS are shown in Fig. 3. Comparing Fig. 3(a) and
conventional scalar HAIS in Fig. 1, we can see the scalar
HAIS can also conduct polarization modulation by changing
the arrangement of unit cells. Here the scalar unit cells are
placed with a counter-clockwise arrangement to realize
RHCP waves. While the tensor HAIS realizes RHCP waves
with the arrangement of unit cells, as well as directions of
slots.

I1I. RESULTS AND DISCUSSIONS

The performances of scalar and tensor RHCP HAISs are
discussed in this section. The simulated reflection
coefficients and AR with frequencies are shown in Figs. 4
and 5. Both scalar and tensor HAIS have good impedance
match performances as seen in Fig.4, while the tensor HAIS
can provide a wider AR bandwidth as observed in Fig. 5.
The AR of tensor HAIS is 0.13 while the scalar HAIS is 1.34
at 17.5GHz. The realized gains of the scalar and tensor
HAISs with frequencies are simulated and presented in Fig.
6, where it is observed that the peak gain for the tensor HAIS
can reach 26.91 dBi while it is only 22.92 dBi for the scalar
HAIS. The reason is that the scalar HAIS only utilizes LP
wave in x-direction to generate the RHCP waves. While LP
waves both in x and y directions are utilized for tensor HAIS.
Therefore, the scalar HAIS loses the power of LP waves in
y-direction. It can be demonstrated in the 3-dimensional
radiation pattern as shown in Fig. 7. Compared with other
directions, the beam width is wider at ¢ = —45° in Fig. 7. It
is caused by the polarization modulation for only LP waves
in x-direction. In addition, the cross-polarization suppression
level of scalar HAIS deteriorates at ¢ = —45°, as shown in
Fig. 8 (c¢).

Performance comparisons of the scalar and tensor HAISs
are displayed in table 1. From this table, the tensor HAIS has
an AR bandwidth of 23% (14.74~20.4 GHz) and cross-
polarization suppression level of 25.6 dB, while scalar HAIS
is 19% (15.2~18.48 GHz) and only 7.7 dB respectively.
Importantly, the peak gain for the tensor HAIS can reach
26.91 dBi while it is only 22.92 dBi for the scalar HAIS.
Therefore, tensor HAIS provides much better performance
with respect to scalar HAIS.

f L. 1
(®)
Fig. 3. Top view of (a) scalar RHCP HAIS; and (b) tensor RHCP HAIS.

—o— Scalar HAIS
—— Tensor HAIS

IS,/ (dB)

Frequency (GHz)

Fig. 4. S parameters for scalar and tensor RHCP HAIS.
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Axial Ratio (dB)
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—e— Tensor HAIS
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Fig. 5. Axial ratio for scalar and tensor RHCP HAIS.
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Fig. 7 3-dimensional radiation patterns at central frequency (a) of the scalar
HAIS. (b) of the tensor HAIS.
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Fig. 8 Radiation pattern at central frequency. (a) ¢ = 0°. (b)  =45° (¢) o =
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Table 1. Comparison of performances between scalar and tensor HAIS.

performances Scalar HAIS Tensor HAIS
Impedance 14.7~20.3GHz 14.74~20.4GHz
(32.9%) (33.3%)
3-dB AR 15.2~18.48 (19%) 15~18.9 (23%)
Peak Gain 21.92 (dBi) 26.91 (dBi)
Cross-pol. 7.7 (dB) 25.6 (dB)
Suppression
Iv. CONCLUSIONS

In this paper, we present the mechanisms of producing
circularly-polarized waves using scalar and tensor HAISs.
And then we provide comprehensive investigations and
comparisons of CP scalar and tensor HAISs in terms of
mechanism formulation, impedance bandwidth, 3-dB AR
bandwidth, realized gain, etc. The conclusions suggest that
tensor HAIS provides much better performance, especially
for peak gain, with respect to the scalar HAIS in generation
of circularly-polarized waves.
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