
Tong et al. / Front Inform Technol Electron Eng   2024 25(8):1145-1161

A low-profile dual-broadband dual-circularly-polarized 

reflectarray for K-/Ka-band space applications*
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Abstract: A low-profile dual-broadband dual-circularly-polarized (dual-CP) reflectarray (RA) is proposed and demonstrated, 
supporting independent beamforming for right-/left-handed CP waves at both K-band and Ka-band. Such functionality is achieved 
by incorporating multi-layered phase shifting elements individually operating in the K- and Ka-band, which are then interleaved 
in a shared aperture, resulting in a cell thickness of only about 0.1λL. By rotating the designed K- and Ka-band elements around 
their own geometrical centers, the dual-CP waves in each band can be modulated separately. To reduce the overall profile, planar 
K-/Ka-band dual-CP feeds with a broad band are designed based on the magnetoelectric dipoles and multi-branch hybrid couplers. 
The planar feeds achieve bandwidths of about 32% and 26% at K- and Ka-band respectively with reflection magnitudes below −13 dB, 
an axial ratio smaller than 2 dB, and a gain variation of less than 1 dB. A proof-of-concept dual-band dual-CP RA integrated with 
the planar feeds is fabricated and characterized which is capable of generating asymmetrically distributed dual-band dual-CP 
beams. The measured peak gain values of the beams are around 24.3 and 27.3 dBic, with joint gain variation <1 dB and axial 
ratio <2 dB bandwidths wider than 20.6% and 14.6% at the lower and higher bands, respectively. The demonstrated dual-broadband 
dual-CP RA with four degrees of freedom of beamforming could be a promising candidate for space and satellite communications.
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1  Introduction

Due to the fast-growing demands of commercial 

wireless communications for a higher speed of data 

transmission and a better coverage of the Earth’s surface, 

existing ground-based communication infrastructures 

can no longer satisfy future needs. Looking to the fu‐
ture, a three-dimensional (3D) network merging base 
stations on the ground and satellites in low and medi‐
um Earth orbits (LEO and MEO), as well as those in 
the geostationary orbit (GEO), can enable a universal 
wireless coverage of the entire surface of the Earth 
with a high-speed connection (Hong et al., 2021; 
Amendola et al., 2023; Sheng et al., 2023). One of 
the technologies enabling such a network is high 
throughput satellite (HTS) communications (Fenech et 
al., 2015; Fenech, 2021), in which multiple beams are 
generated to cover a certain area of the Earth, with 
each beam pointing to a specific region (Martinez-de-
Rioja E et al., 2019). Typically, a four-color scheme is 
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employed such that the adjacent beams either be‐
long to different operational frequency bands or 
have orthogonal circular polarizations for upload‐
ing and downloading data (Zhou et al., 2020; Marti‐
nez-de-Rioja D et al., 2021), thereby suppressing in‐
ter-beam interference. To this end, radiating aper‐
tures that can provide dual-band dual-circularly-po‐
larized (CP) beamforming are highly desirable, and 
can be realized by using antenna arrays (Garcia-Agui‐
lar et al., 2012; Luo et al., 2016; Wu et al., 2018; Zhao 
and Luk, 2018; Mao et al., 2019) and reflectarrays/
transmitarrays (RAs/TAs) (Luo et al., 2019; Naseri 
et al., 2020; Xu et al., 2021; Tong et al., 2022). Com‐
pared to antenna arrays and TAs, RAs possess ad‐
vantages such as ease of design and implementation, 
high efficiency, low cost, being lightweight, and/or low 
power distributing loss. This makes them ideal candi‐
dates, particularly for space applications (Huang 
and Encinar, 2008). Hence, RAs with dual-band and/
or dual-CP beamforming capabilities have garnered 
a tremendous amount of research interest (Cheng 
and Abbaspour-Tamijani, 2009; Nayeri et al., 2015).

Over the past decade, investigations and designs 
of RAs supporting either dual-band or dual-CP opera‐
tion have been reported. Dual-band RAs can be syn‐
thesized using three approaches. The first one uses 
dual-band multi-resonance RA cells that can provide 
controllable reflective phase shifts at both prescribed 
operational frequency bands for either linear or circu‐
lar polarization (Malfajani and Atlasbaf, 2014; Deng 
et al., 2017a, 2017b). The second method achieves 
dual-band beamforming by aligning two types of re‐
flective phasing elements, which are active at either 
the lower or higher band, in an interleaved manner 
(Smith et al., 2013; Shamsaee Malfajani and Abbasi 
Arand, 2017; Su et al., 2019). The third approach 
places the phase shifting cells responsible for the 
lower- and higher-band on different layers, which are 
separated by a frequency selective surface (FSS) to 
suppress inter-band coupling (Chaharmir and Shak‐
er, 2015; Deng et al., 2017c, 2018). On the other hand, 
dual-CP RAs with independent control of polariza‐
tion have also been studied; they can enhance spec‐
tral efficiency and are classified into three catego‐
ries. The first kind relies on dual-functional-layer 
structures, each offering rotation phase compensation 
of CP waves with a distinct handedness (Mener et al., 
2014, 2015; Li Y et al., 2022). The second type of 

dual-CP RA is enabled by placing a circular polarizer 
on top of a dual-linearly-polarized (dual-LP) RA (Joy‐
al et al., 2015; Geaney et al., 2019). By jointly ex‐
ploiting the dynamic and rotation phases, the last 
method requires only a single functional layer (Flor‐
encio et al., 2019; Guo et al., 2020; Jiang et al., 
2020a, 2020b; Zhang et al., 2021), which can be re‐
alized by dual-LP RA cells with pre-designed geo‐
metrical rotation angles.

Recently, advanced RAs with simultaneous dual-
band and dual-CP characteristics are becoming in‐
creasingly attractive. Their four degrees of freedom 
of beamforming in a shared-aperture configuration can 
potentially facilitate the reduction of the number of 
radiating apertures on satellites for four-color multi‐
beam coverage (Martinez-de-Rioja E et al., 2019). How‐
ever, only a few RA designs of this kind have been 
reported (Luo et al., 2019; Naseri et al., 2020; Xu 
et al., 2021; Tong et al., 2022). In Naseri et al. (2020) 
and Xu et al. (2021), dual-band dual-CP RAs based 
on multiple functional layers were demonstrated. The 
former, with a total panel thickness of 1.23λL (λL is 
the free-space wavelength at the lower band), used a 
dual-band circular polarizer on top and a dual-band 
dual-LP RA on the bottom, achieving 1-dB gain band‐
widths of less than 3% at both the K- and Ka-band 
(Naseri et al., 2020). The latter, with a total panel 
thickness of 0.52λL, employed Ku- and Ka-band cross-
dipole elements on the top and bottom, which were 
separated by an FSS, offering joint 1-dB gain and 
3-dB axial ratio (AR) bandwidths of less than 5% (Xu 
et al., 2021). In Luo et al. (2019), two triangular 
patches, fed by hybrid couplers with open-circuit de‐
lay line loadings, were incorporated in each RA cell to 
enable dual-band dual-CP beamforming at 8.6 and 10 
GHz. Although there was only a single functional layer 
with a panel thickness of 0.02λL, the operational band‐
widths were smaller than 4%, with the beam radiating 
angles being limited by the large cell size of 0.64λL. 
More recently, by properly exploiting the interleav‐
ing element alignment strategy and jointly using dy‐
namic and rotation phases, a shared-aperture dual-
band dual-CP RA based on dual-LP aperture-coupled 
patches loaded with shorted delay lines has been real‐
ized (Tong et al., 2022). It possessed a panel thick‐
ness of 0.27λL and offered joint 1-dB gain and AR<2 
dB bandwidths of 7.3% and 6.7% at the K- and Ka-
band, respectively. Although these designs are capa‐
ble of providing dual-band dual-CP beamforming, 
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their operational bands are too narrow to be useful in 
practical applications.

In this paper, we present the design and experi‐
mental validation of a shared-aperture dual-broadband 
dual-CP RA with four degrees of freedom, which pos‐
sesses a panel thickness of only 0.1λL, by using cas‐
caded phase shifting surfaces. Instead of horn antennas, 
broadband dual-CP feeds are designed for illuminat‐
ing the RA, enabling a small focal-to-diameter (F/D) 
ratio of 0.6, which can reduce the overall profile of 
the integrated RA antenna. A proof-of-concept RA is 
fabricated and measured, achieving greatly enhanced 
joint 1-dB gain and AR<2 dB bandwidths of more 
than 20.6% and 14.6% at K- and Ka-band, respec‐
tively, representing a new state of the art for dual-band 
dual-CP RAs.

2  Design of RA unit cells for dual-band dual-CP 

phase compensation

The configuration of the proposed dual-band dual-
CP RA (Fig. 1a) has a quasi-circular aperture. Different 

from using horn antennas as seen in most RA/TA de‐
signs (Huang and Encinar, 2008), here planar feeds 
are employed which can reduce the overall profile of 
the final antenna module. To truly achieve dual-band 
dual-CP radiation, two dual-CP feed radiators, opera-
ting at K- and Ka-band, separately, are used. For each 
feed, it has two input ports for generating broadband 
and symmetrical left-handed CP (LCP) and right-handed 
CP (RCP) beams such that the dual-band dual-CP beams 
can be individually excited without changing the feeds 
(Jiang et al., 2021). Correspondingly, the RA is com‐
posed of cells containing interleaved elements (labeled 
with yellow and green colors) that are responsible for 
providing independent dual-CP reflective phase com‐
pensation at K- and Ka-band, respectively, i.e., ϕL,K, 
ϕL,Ka, ϕR,K, and ϕR,Ka, with a high efficiency. When the 
LCP ports of the two feeds are excited, a directive LCP 
beam can be generated which points at a deflected 
angle of (θL, φL)K and (θL, φL)Ka at the K- and Ka-band, 
respectively. On the other hand, the RA antenna can 
generate RCP beams pointing at an oblique angle of 
(θR, φR)K and (θR, φR)Ka away from the RA normal at 
the K- and Ka-band, respectively, when the RCP ports 

Fig. 1  (a) Configuration of the dual-band dual-CP RA antenna generating K- and Ka-band RCP and LCP beams pointing 
at different angles when excited by K- and Ka-band dual-CP planar feeds; (b) 3D view of the dual-band dual-CP RA cell; 
(c) side view of the dual-band dual-CP RA cell; (d) planar views of the metallic layers. The geometrical dimensions are 
px=5 mm, py=5 mm, h1=0.13 mm, h2=0.51 mm, h3=0.76 mm, hb=0.1 mm, φxl=20°, φxh=35°, φyl=20°, φyh=35°, wl=0.25 mm, wh=
0.25 mm. References to color refer to the online version of this figure
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of the two feeds are active. In the remainder of this 
section, the derivation of the reflection coefficient matrix 
and the evolution of the dual-band dual-CP RA cell 
designs are presented, followed by the simulated pro-
perties of the RA cells at oblique incident angles.

2.1  Derivation of the reflection coefficient matrix

The reflection coefficient matrix, which can ex‐
plain the relationships between the incident and re‐
flected wave vectors, has been widely employed to char‐
acterize the scattering properties of periodic structures. 
The reflection coefficient matrix of an RA cell can be 
written either on the linear polarization basis (Slin=
[rxx, rxy; ryx, ryy]) or on the circular polarization basis 
(Scir=[rRR, rRL; rLR, rLL]). They can be interchanged as

ì
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ï
ï
ï

ï
ïï
ï
ï
ï

rRR = 0.5( rxx - ryy + jrxy + jryx )ej2ϕr ,

rRL = 0.5( rxx + ryy - jrxy + jryx ),

rLR = 0.5( rxx + ryy + jrxy - jryx ),

rLL = 0.5 ( rxx - ryy - jrxy - jryx )e-j2ϕr ,

(1)
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rxx = 0.5( rRRe-j2ϕr + rLLej2ϕr + jrRL + jrLR ),

rxy = 0.5( rRRe-j2ϕr - rLLej2ϕr - jrRL + jrLR ),

ryx = 0.5( rRRe-j2ϕr - rLLej2ϕr + jrRL - jrLR ),

ryy = 0.5( rRRe-j2ϕr + rLLej2ϕr - jrRL - jrLR ),

(2)

where ϕr is the in-plane rotation angle of the RA cell.
For a true dual-CP RA cell, for example, the co-

polarized CP magnitudes should be near unity, while 
it should be possible to independently control the co-
polarized CP phases. Meanwhile, the cross-polarized CP 
magnitudes need to be zero for ensuring high CP purity, 
hence assuming that the reflection coefficient matrix 
in the circular polarization basis can be written as

Scir =
é

ë
êêêê

ù

û
úúúú

ejϕRR 0

0 ejϕLL

. (3)

The reflection coefficient matrix in the linear 
polarization basis can then be obtained by substitut‐
ing Eq. (3) into Eq. (2) as

S lin = e jϕné
ë
êêêê ù

û
úúúú1   0

0 −1
, (4)

under the condition that the cross-polarized LP mag‐
nitudes are assumed to be zero, where ϕn=ϕRR−2ϕr= 

ϕLL+2ϕr is the dynamic phase of RA cells. It can be 
concluded from Eq. (4) that co-polarized CP phases 
can be controlled separately by modifying the dynamic 
phase (ϕn) and in-plane rotation angle (ϕr) of RA cells.

In the above derivation, the co-polarized LP/CP 
magnitudes are assumed to be unity, while, accordingly, 
the cross-polarized LP/CP magnitudes are assumed to 
be zero. However, it is impossible for an RA cell to 
possess such perfect properties. As a result, it is im‐
portant to theoretically analyze the influence of the 
non-zero cross polarization reflection and imperfect 
phase difference between the two optical axes on the 
dual-CP reflection properties of the RA cell. Specifi‐
cally, the reflection coefficient matrix of the RA cell 
can be written in a generalized form as

S lin =
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

ú|| rxx e jϕxx || rxy e jϕxy

|| ryx e jϕyx || ryy e jϕyy

, (5)

where

| rxx |
2

+ | ryx |
2

= 1, (6a)

| rxy |
2

+ | ryy |
2

= 1, (6b)

| rxy | = | ryx |, (6c)

ϕxy = ϕyx, (6d)

2ϕxy = ϕxx + ϕyy + (2n + 1) π, n = 0, 1, 2, …, (6e)

for satisfying the lossless, energy conservation, and time-
reversal symmetry conditions (Wang DY et al., 2021). 
By substituting Eq. (5) into Eq. (1), the relationships 
of co-polarized CP reflection efficiency and AR as a 
function of the co-polarized LP magnitudes and phase 
difference are obtained (Fig. 2). It can be seen that, 
when the co-polarized LP reflection coefficients have 
a magnitude higher than 0.6 and a phase difference 
within 180°±19.2°, the AR values can be maintained 
below 3 dB with a CP reflection efficiency higher 
than 97.2%.

2.2  RA cell structure

The 3D configuration of the dual-band dual-CP 
RA cell (Fig. 1b) has a unit cell size of 5 mm×5 mm, 
i. e., about (λ0/2) × (λ0/2) at the higher frequency Ka-
band of 30 GHz. The structure comprises multi-
layered phase shifting surfaces (Gagnon et al., 2013) 
consisting of subwavelength metallic resonators and 

1148



Tong et al. / Front Inform Technol Electron Eng   2024 25(8):1145-1161

a ground plane separated by dielectric substrates, 
altogether including five metallic layers. As shown 
from the side view of the unit cell (Fig. 1c), three lay‐
ers of Taconic TLY-5 substrates (εr=2.2, δtan=0.0009) 
are employed with thicknesses of h1=0.13 mm, h2=0.51 
mm, and h3=0.76 mm, separately, which are bonded 
by two Rogers 4450B (εr=3.54, δtan=0.0014) films 
with a thickness of hb=0.1 mm. Thus, the total thick‐
ness of the structure is 1.6 mm, i.e., about 0.1λL at 
19 GHz.

The cell contains elements operating at the lower 
and higher frequency bands, respectively, which are 
denoted as the K-band element (in yellow) and the 
Ka-band element (in green). Planar views of the me‐
tallic patterns on different layers are displayed in 
Fig. 1d. The K-band element contains two cascaded 
connected crossed-dipoles printed on the bottom sides 
of the first and second TLY-5 substrate layers. The 
lengths of the upper crossed-dipoles have a scaling 
factor of rl as compared to the lower ones. On the other 
hand, the Ka-band element contains crossed-dipoles 
that are not interconnected to avoid in-band spurious 
resonant modes that could occur at oblique incidence 
(Liu et al., 2017). Half of the dipoles are located on the 
bottom sides of the first and second TLY-5 substrate 
layers, while the two other orthogonally-oriented dipoles 
are placed on the top surfaces of the second and third 
TLY-5 substrate layers. The lengths of the two upper 
dipoles are scaled by a factor of rh as compared to the 
lower ones.

To achieve independent dual-CP phase shifting at 
both K-band and Ka-band, four degrees of freedom are 
required. This can be provided by the joint dynamic and 
rotation phase strategy (Jiang et al., 2020a), implying 

that the cells should possess the following electrical 
properties simultaneously at both bands. First, they 
should behave like a reflective half-wave plate that 
transforms the RCP or LCP incident wave into the 
same CP reflected wave with a near-unity reflectivity. 
Second, they should be able to provide a dynamic phase 
coverage of a full 360° by changing the geometrical 
dimensions of the dipole resonators, which can be 
used to introduce the same amount of phase shifts for 
the RCP and LCP waves. Third, all the elements can 
be rotated around their own geometrical centers by 
certain angles, i.e., ϕrl and ϕrh, to offer the desirable 
rotation phases that can impose opposite phase com‐
pensation for the RCP and LCP waves and thereby 
distinguish between them. Consequently, the K- and 
Ka-band elements need to be confined within differ‐
ent circular areas (labeled as grey and pale blue in 
Fig. 1d) with the largest possible distance in between 
for reducing inter-element coupling, which could pos‐
sibly induce phase errors as the elements rotate (Tong 
et al., 2022). This requires that all the dipole resona‐
tors should be miniaturized to a certain extent. Con‐
sequently, arc-shaped end loadings are added on the 
dipole resonators of all the elements (Selvanayagam 
and Eleftheriades, 2016).

2.3  Design evolution of RA cells

When designing the RA cells with independent 
dual-band dual-CP phase compensation, the mutual 
impacts of the elements operating separately at K- and 
Ka-band need to be considered. Since the resonators 
operating at the higher frequency band have a smaller 
size and a weaker dipole moment than those designed 
to function at the lower frequency band, their impact 

Fig. 2  The calculated co-polarized CP reflection efficiency (a) and AR (b) as a function of the co-polarized LP magnitudes 
and phase difference
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on the K-band elements is typically very small and 
can even be neglected in engineering designs (Sofi 
et al., 2020). Due to this fact, the design evolution of 
the RA cell undergoes three steps, starting from RA 
cell A for the K-band dual-LP operation to RA cell B 
for the dual-band dual-LP operation, and finally to 
RA cell C for the targeted dual-band dual-CP opera‐
tion (Fig. 3). High Frequency Structure Simulator 
(HFSS) based on a full-wave finite element method is 
used to predict the scattering properties of the RA 
cells, where periodic boundary conditions are assigned 
to the lateral walls and a Floquet port is placed on the 
top for dual-polarized plane-wave excitation (Wang 
YF et al., 2022).

In the first step, for RA cell A, as shown in 
Fig. 3a, only the K-band elements containing dual-
layered crossed-dipoles are considered. Such a dual-
layer structure can provide a second-order response, 
whose transfer function is governed by the resonances 
of each layer and the coupling between them. For 
RA cells, the reflective phase linearity is an impor‐
tant property that determines the operational band‐
width of the final array, which can be controlled by 
the size scaling parameter rl (Encinar and Zornoza, 
2003). As shown in Figs. 4a–4c, by varying the length 
of the dipoles along the x-direction from lxl=3.1 to 

3.9 mm with rl=0.75, 0.85, and 0.95, it can be seen 
that the simulated ϕ(rxx), at normal incidence, under‐
goes a monotonic reduction at all three frequencies 
of 18, 19, and 20 GHz. When rl=0.75, ϕ(rxx) can cover 
a phase range of only about 270° at K-band, which 
is not enough to provide a full-period coverage. For 
the case of rl=0.95, the phase coverage is greatly in‐
creased to more than 500° ; however, a poor phase 
linearity is exhibited due to the increased quality factor. 
In this situation, a region with more abrupt phase 
variation can be identified when lxl is around 3.3, 3.5, 
and 3.7 mm at 18, 19, and 20 GHz, respectively. When 
a proper value of rl=0.85 is selected, the phase curves 
at all three frequencies are nearly parallel to each other 
and exhibit a good linearity versus lxl. In addition, 
to investigate the potential impact of the K-band ele‐
ments on the reflection phase in the Ka-band, plots 
of the simulated ϕ(rxx) as a function of lxl at 30, 31, 
and 32 GHz are shown. It can be observed that, as 
the value of rl increases, ϕ(rxx) becomes more stable as 
a function of lxl, e.g., ∆ϕ(rxx) ⩽40° when rl=0.85, im‐
plying a smaller cross-band coupling. This is attributed 
to the increased quality factor and the resulting sharper 
filtering response of the second-order transfer function 
of the element. The cross-polarization coupling can be 
evaluated by observing the variation of the simulated 

Fig. 4  Simulated ϕ(rxx) of RA cell A for rl=0.75 (a), rl=0.85 (b), and rl=0.95 (c), as well as simulated ϕ(ryy) of RA cell A (d) 
at K-band (18, 19, and 20 GHz, as shown by solid lines) and Ka-band (30, 31, and 32 GHz, as shown by dashed lines) as a 
function of lxl. References to color refer to the online version of this figure

Fig. 3  Evolution of the RA cell designs from RA cell A (a) to RA cell B (b) and finally to RA cell C (c)

1150



Tong et al. / Front Inform Technol Electron Eng   2024 25(8):1145-1161

ϕ(ryy) as a function of lxl, as shown in Fig. 4d. Due to 
the inherent mirror symmetry of the structure, the vari‐
ation of ϕ(ryy) is smaller than 5° and 15° in the K- and 
Ka-band, respectively, indicating that cross-polarization 
coupling is negligible at both bands. It should be 
noted that, for all these cases, the reflection magni‐
tude (Rxx) is above −0.3 dB, which is not shown here 
for succinctness.

Based on the designed RA cell A, in the second 
step, Ka-band elements are further introduced into 
the cell to enable dual-band dual-LP phase shifting by 
adding the dual-layered crossed-dipoles that are not 
interconnected (Fig. 3b). At normal incidence, the 
simulated ϕ(rxx) as a function of lxh, the length of the 
Ka-band crossed-dipoles along the x-direction, at three 
frequencies of 30, 31, and 32 GHz, are reported in 
Figs. 5a–5c, with rh=0.7, 0.8, and 0.9. Similar to the 
phenomenon observed in RA cell A, for RA cell B, those 
with a smaller rh can provide only a limited phase cov‐
erage of less than 200°, while the designs with a larger 
rh suffer from a poor phase linearity. When rh=0.8, all 
three phase curves possess a good linearity, which 
would give rise to a wideband response. In contrast 
to the K-band elements, the Ka-band elements have a 
very minor impact on the reflective phase at the lower 
frequency band, as it can be seen that ∆ϕ(rxx) is on 
average smaller than 10°, which is irrelevant to the choice 
of rh. Regarding cross-polarization coupling, similarly, 
∆ϕ(ryy) experiences a very small variation of less than 
5° when lxh is changed. Note that these Ka-band ele‐
ments need to be designed with the presence of the 
K-band elements. This is because, although the lower-
band elements with different values of lxl have similar 
electromagnetic responses at the Ka-band, they have 
a certain number of non-negligible dipole moments 
and thus should be taken into account during the de‐
sign of the higher-band elements (Smith et al., 2013).

Once the investigation of RA cell B is complete, 
a library of constitutive cells can be formed by select‐
ing proper values of lxl and lxh such that they provide 
independent dynamic phase shifting for both the K- 
and Ka-band, which can fulfill the second require‐
ment stated in Section 2.2. Here, a 3×3-bit dynamic 
phase resolution, i.e., the reflection phases of both 
ϕ(rxx) and ϕ(ryy) having a 3-bit resolution, is targeted 
for the two linear polarizations, and can be used to 
synthesize 2×2-bit dual-CP phase compensation at both 
bands. It has been shown that the 2-bit strategy is a 
good trade-off between the phase-error-induced gain 
loss and design complexity (Abdelrahman et al., 2017). 
To this end, 16 designs of RA cell B are selected with 
lxl=3.9, 3.8, 3.7, and 3.6 mm and lxh=2.27, 2.21, 2.15, 
and 2.09 mm. They are designated as Cellmn with m=1, 
2, 3, 4 and n=1, 2, 3, 4, which are composed of four 
K-band elements denoted as EleLm and four Ka-band 
elements denoted as EleHn. In addition, for all the 16 cells, 
the dipoles oriented along the x- and y-direction possess 
different length values where lyl and lyh are selected to be 
lyl=lxl–0.4 mm and lyh=lxh–0.28 mm, ensuring that ϕ(rxx) 
and ϕ(ryy) have a phase difference of around 180°.

The CP reflection coefficients of the library of 
16 cell designs, transformed from the LP reflection 
coefficients (Sanz-Fernández et al., 2015), are shown 
in Fig. 6 for both the K-band and Ka-band. It can be 
seen that, at the lower band from 17 to 21 GHz, the 
co-polarized CP reflection magnitudes, i.e., RLL and 
RRR, are higher than −1 dB for most of the cell de‐
signs (Figs. 6a and 6c). Similarly, at the higher band, 
from 29 to 34 GHz, RLL and RRR are greater than −1 
dB for most of the cell designs (Figs. 6f and 6h). At 
both bands, the cross-polarized CP reflection magni‐
tudes, i.e., RLR and RRL, are below −10 dB (Figs. 6e and 
6j). Regarding the co-polarized CP reflection phases, 
i.e., ϕ(rLL) and ϕ(rRR), the 16 cell designs can be divided 

Fig. 5  Simulated ϕ(rxx) of RA cell B for rh=0.7 (a), rh=0.8 (b), and rh=0.9 (c), as well as simulated ϕ(ryy) of RA cell B (d) at 
K-band (18, 19, and 20 GHz, as shown by solid lines) and Ka-band (30, 31, and 32 GHz, as shown by dashed lines) as a 
function of lxh. References to color refer to the online version of this figure
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into four groups. At the lower band, each group con‐
tains curves that have the same line shape but differ‐
ent colors (Figs. 6b and 6d), whereas each group has 
curves with the same color but different line shapes 
at the higher band (Figs. 6g and 6i). At both bands, 
a phase difference of about 45° can be observed be‐
tween the reflection phase curves belonging to different 
groups. Although the four groups can cover a phase 
range of 135° , a total phase range of 315° can be 
reached by simply introducing a 90° rotation to all 
the cells, thereby achieving a 3-bit phase resolution. 
It should be noted that, without element-rotation-induced 
phase delays, ϕ(rLL) and ϕ(rRR) are constrained to be 
the same.

In the third step, both the K- and Ka-band ele‐
ments are rotated around their own geometrical cen‐
ters by a certain angle of ϕrl and ϕrh, respectively, to 
introduce the rotation phase that can distinguish be‐
tween RCP- and LCP-reflected waves (Fig. 3c). The 
cell designs are denoted as RA cell C. Since the lower- 
and higher-band elements are aligned in an interleaved 

manner, the end-to-end distance between the dipoles 
is greater than 0.9 mm, with the smallest case hap‐
pening when lxl=3.9 mm, lxh=2.27 mm, ϕrl=45°, and 
ϕrh=45°. This ensures that the capacitive coupling be‐
tween the elements is weak enough, so that the re‐
sponse of the dipoles will not be affected when the 
elements are rotated. As shown in Figs. 7a and 7b, 
when the K- and Ka-band elements are rotated by an 
angle gradually increasing from −90.0° to 67.5° with 
a step of 22.5°, the co-polarized RCP and LCP reflec‐
tion phases vary with opposite trends. At each band, 
and for each particular single value of the RCP/LCP 
reflection phase, four values of the reflection phase 
for the CP waves with the opposite handedness, i.e., 
the LCP/RCP waves, can be independently selected 
with a step of about 90°, meaning that a 2×2-bit dual-
band dual-CP phase shift can be achieved.

2.4  Oblique incidence performance

To evaluate the angular stability of the phase shifting 
performance of the unit cells, the simulated reflection 

Fig. 6  Simulated co-polarized CP reflection magnitudes RLL (a) and RRR (c), simulated co-polarized CP reflection phases 
ϕ(rLL) (b) and ϕ(rRR) (d), and simulated cross-polarized CP reflection magnitudes RRL and RLR (e) of Cellmn with m=1, 2, 3, 
4, i.e., lxl=3.9, 3.8, 3.7, 3.6 mm, and n=1, 2, 3, 4, i.e., lxh=2.27, 2.21, 2.15, 2.09 mm at K-band; simulated co-polarized CP 
reflection magnitudes RLL (f) and RRR (h), simulated co-polarized CP reflection phases ϕ(rLL) (g) and ϕ(rRR) (i), and simulated 
cross-polarized CP reflection magnitudes RRL and RLR (j) of Cellmn with m=1, 2, 3, 4, i.e., lxl=3.9, 3.8, 3.7, 3.6 mm, and n=1, 
2, 3, 4, i.e., lxh=2.27, 2.21, 2.15, 2.09 mm at Ka-band. References to color refer to the online version of this figure
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properties of the dual-band dual-CP RA cells as a func‐
tion of the incident angle are investigated. For sim‐
plicity, the results of two out of the 16 cell designs are 
illustrated, which are Cell42 (formed by EleL4 and EleH2) 
with lxl=3.6 mm, lxh=2.21 mm, ϕrl=45.0° , ϕrh=−22.5° , 
and Cell34 (formed by EleL3 and EleH4) with lxl=3.7 
mm, lxh=1.69 mm, ϕrl=67.5°, ϕrh=22.5°. As can be seen 
from Figs. 8a and 8b, with the plane of incidence de‐
fined to be the x-z plane, at both 19 and 31 GHz, 
the co-polarized CP reflection magnitudes are around 
−0.5 dB in the range of incident angles from 0° to 30° 
for both cells. The undesirable cross-polarized CP 
reflection magnitudes are below −14 dB for most of 

the incident angles. The co-polarized CP transmission 
phases for both the LCP and RCP incident waves re‐
main almost constant as the angle of incidence chang‐
es, with a variation of less than 10°, indicating a sta‐
ble phase shift within the field-of-view.

Importantly, due to the weak coupling between 
the K- and Ka-band elements, the CP reflection mag‐
nitudes and phases are well maintained for different 
angles of incidence. At larger incident angles beyond 
30°, Cell42 exhibits slightly degraded performance at 
the higher band, when compared to Cell34. Neverthe‐
less, the variations of its co-polarized CP reflection 
magnitude and phase are still maintained within an 

Fig. 8  Three-dimensional (3D) view of the dual-band dual-CP RA cells illuminated by an obliquely incident plane wave 
and simulated co-polarized CP reflection magnitudes (RLL and RRR), cross-polarized CP reflection magnitudes (RLR and 
RRL), and co-polarized CP reflection phases (ϕ(rLL) and ϕ(rRR)) for Cell42 with ϕrl=45.0°, ϕrh=−22.5° (a) and Cell34 with ϕrl=
67.5°, ϕrh=22.5° (b)

Fig. 7  Simulated co-polarized CP reflection magnitudes (RLL and RRR), cross-polarized CP reflection magnitudes (RLR and RRL), 
and co-polarized CP reflection phases (ϕ(rLL) and ϕ(rRR)) at 19 GHz as a function of ϕrl (a) and 31 GHz as a function of ϕrh (b). 
References to color refer to the online version of this figure
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acceptable range. Such properties confirm that the 
designed dual-band dual-CP RA cells have a robust 
performance within an angular cone of 35° . This is 
almost equal to the incident angle for the edge elements 
in the RA designed later and, hence, is critical for the 
realization of the final dual-band dual-CP RAs with a 
relatively small F/D ratio.

3  Broadband K- and Ka-band dual-CP planar 

feeds

For most previously reported RAs and TAs, horn 
antennas have been used as the feed sources, which 
greatly increases the overall profile of the final device, 
especially for CP horns due to the use of long wave‐
guide circular polarizers (Luo et al., 2019; Jiang et al., 
2020a; Naseri et al., 2020). Here, as alternatives, two 
planar dual-CP feeds, one operating at the K-band and 
the other at the Ka-band, are employed, both having 
two input ports for exciting LCP- and RCP-radiated 
waves over a wide band. This scheme is also amena‐
ble for system applications in the sense that they are 
lightweight and more straightforward for connection 
with other planar front-end circuits. In this section, the 
design and validation of broadband dual-port dual-CP 
planar feeds that operate at K- and Ka-band will be 
presented.

The configuration of the K- and Ka-band planar 
feeds (Fig. 9a), placed side by side, contains four di‐
electric and four metallic layers. The top three sub‐
strate layers consist of Taconic TLY-5. Each feed con‐
sists of a dual-polarized magneto-electric dipole fed 

by two orthogonal L-shaped probes connected to two 
microstrip lines beneath the ground plane (Li YJ 
et al., 2017). The feeding microstrip lines, printed on a 
Rogers RO4003 substrate with a thickness of tK1=tKa1=
0.203 mm, have a characteristic impedance of 50 Ω 
(Fig. 9b). To achieve broadband dual-CP radiation, two 
second-order hybrid couplers are implemented using 
microstrip lines, one operating at the K-band and the 
other at the Ka-band (Muraguchi et al., 1983). The 
detailed geometrical dimensions of the radiators and 
couplers are provided in Figs. 9c and 9d. By exciting 
the two input ports of the coupler, the phase differ‐
ence between the two output ports is 90° or −90°, re‐
sulting in RCP or LCP radiation, respectively.

The two feeds are fabricated and characterized, 
and Southwest end launch connectors are used to 
connect the prototypes to the network analyzer. When 
the two feeds are placed side by side, the center-to-center 
distance is about 24 mm. The simulated and mea‐
sured S-parameters as a function of frequency are dis‐
played in Figs. 10a and 10b, where a good agreement 
between them can be observed. The measured reflec‐
tion magnitudes of all four input ports, i.e., Snn with 
n=1, 2, 3, 4, are below −13 dB over a broad band from 
16 to 22 GHz at the K-band and from 28 to 35 GHz 
at the Ka-band. The mutual coupling between co-band 
cross-polarized ports, i.e., S21 and S43, have measured 
values below −13 and −17 dB, respectively, at the lower 
and higher bands. For cross-band coupling, i.e., S31, 
S32, S41, and S42, the measured maximum values are 
all smaller than −30 dB, thus almost negligible. The 
radiation properties of the feeds are measured in a far-
field anechoic chamber. The simulated and measured 

Fig. 9  Configuration (a) and side views (b) of the broadband dual-CP planar feeds operating at K- and Ka-band; planar 
views of the K-band (c) and Ka-band (d) magnetoelectric dipoles and broadband microstrip hybrid couplers. The geometrical 
dimensions are tK1=0.203, tK2=1.52, tK3=0.13, tK4=0.25, pK=3.04, gK=0.6, vK=0.17, dK=0.3, fK1=2.34, fK2=2.31, wK=0.4, tKa1=
0.203, tKa2=0.76, tKa3=0.13, tKa4=0.25, pKa=1.87, gKa=0.60, vKa=0.17, dKa=0.28, fKa1=1.79, fKa2=1.94, and wKa=0.38, all in millimeters
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peak CP gain and AR values as a function of frequency 
are shown in Figs. 10c and 10d when only a single 
port is excited with the others terminated by matched 
loads of 50 Ω . For the two K-band ports, it can be 
seen that the RCP- and LCP-radiated beams have a 
measured AR of smaller than 2 dB in the majority 
of the band from 16 to 22 GHz, i.e., a bandwidth of 
31.6%, with a maximum AR of about 2.3 dB (Fig. 10c). 
Correspondingly, the measured peak RCP and LCP 
gain values vary between 7.0 and 7.6 dBic, while 
the radiated beams possess a half-power beamwidth 
(HPBW) of about 75° in different φ planes by virtue 
of the good beam shape symmetry of the employed 
magneto-electric dipole (Li YJ et al., 2017). For the 
two ports at the Ka-band, in the frequency range 
from 27 to 35 GHz, i.e., a bandwidth of 25.9%, the 
measured AR values of the RCP and LCP beams are 
below 2.1 dB, while the peak CP gain fluctuates from 
about 8.0 to 7.2 dBic (Fig. 10d). The HPBW of the 
CP beams emitted from the Ka-band feed is about 
73°. Overall, the measurement results of the dual-CP 
planar feeds agree well with the simulation predic‐
tions, exhibiting a stable gain and high polarization 
purity over a broad band that can cover the opera‐
tional bands of the RA cells. Their moderate gain im‐
plies that they can facilitate the design of integrated 
RAs with smaller F/D ratios.

4  Design and experimental validation of the 

dual-band dual-CP RA integrated with dual-CP 

planar feeds

In this section, an integrated dual-band dual-CP 
RA antenna operating at the K- and Ka-band is syn‐
thesized, based on the designed dual-band dual-CP RA 
cells and the broadband dual-CP planar feeds. Differ‐
ent from the previously reported single- and dual-band 
dual-CP RA/TA systems, where CP feeds with differ‐
ent handedness are required for generating RCP and 
LCP beams (Jiang et al., 2021; Tong et al., 2022), the 
designed and demonstrated RA can provide four CP 
beams simultaneously by exciting different input ports, 
thereby offering true dual-band dual-CP operation 
with four degrees of freedom. By employing the pla‐
nar dual-band dual-CP radiator as the feed source, 
the RA antenna has the following advantages: (1) the 
planar radiator can be readily connected to other pla‐
nar front-end circuits; (2) the total profile of the RA 
can be significantly reduced; (3) the aperture size 
of the planar feeds is smaller than that of the horn 
antennas, and thereby the feed blockage can be re‐
duced. To achieve a gain of higher than 24 dBic, the 
diameter of the quasi-circular RA is set to be 160 mm, 
i.e., about 10.1λ0 at 19 GHz and 16.5λ0 at 31 GHz, con‐
taining a total of 796 K-band elements and 749 Ka-band 

Fig. 10  (a) Simulated and measured port reflection magnitudes and mutual coupling between co-band cross-polarized 
ports of the dual-CP feeds at K- and Ka-band; (b) simulated and measured mutual coupling between cross-band ports of 
the dual-CP feeds at K- and Ka-band; simulated and measured AR and gain of the radiated CP wave achieved by exciting 
the RCP and LCP ports of the K-band feed (c) and the RCP and LCP ports of the Ka-band feed (d). References to color 
refer to the online version of this figure
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elements. An F/D ratio of 0.65, i.e., F=104 mm, is 
chosen to ensure a relatively small overall profile such 
that the cells on the edge of the RA elements are illu‐
minated by waves with an angle of incidence of about 
37° (Fig. 1).

4.1  Dual-band dual-CP RA design

As a proof-of-concept demonstration, an exem‐
plary design providing four directive beams asymmet‐
rically distributed in the two orthogonal planes, i.e., 
x-z and y-z planes, is considered here. At 19 and 
31 GHz, the targeted beam directions for the LCP and 
RCP beams in the lower and higher bands are (θL, φL)K=
(−30°, 0°), (θR, φR)K=(30°, 90°), (θL, φL)Ka=(−20°, 90°), 
and (θR, φR)Ka=(20°, 0°). To achieve such a dual-band 
dual-CP functionality generating four independent 
beams, the dual-band dual-CP RA cells are used to 
compensate for the inhomogeneous phases of the in‐
cident waves across the RA aperture and impose addi‐
tional phase gradients for beam steering. The result‐
ing distributions of the element number and in-plane 
rotation angle (ϕrl and ϕrh) of the K- and Ka-band ele‐
ments of the RA cells are shown in Fig. 11a. In the 
full-wave simulation setup of the integrated RA antenna 
using HFSS, a hybrid finite element‒boundary integral 

(FE‒BI) method is employed, which greatly reduces 
the consumed computational resources (Jin and Volakis, 
1991).

The normalized simulated CP patterns in the two 
orthogonal planes containing the main beams at 19 and 
31 GHz are displayed in Figs. 12a and 12b, respectively. 
It can be seen that LCP pencil beams are produced at 
−30° in the x-z plane for the K-band and −20° in the 
y-z plane for the Ka-band. When the RCP ports of 
the feeds are excited, directive RCP beams can be 
observed pointing at 30° in the y-z plane and 20° in 
the x-z plane at 19 and 31 GHz, respectively. For all 
four beams, the strength of the orthogonally-polarized 
wave is below −22 dB. The beam gain and AR as a 
function of frequency are shown in Figs. 13a and 13b. 
The simulated AR is smaller than 2 dB for both RCP 
and LCP beams in the frequency bands spanning from 
16.3 to 21.1 GHz and from 28.1 to 35.0 GHz. The 
simulated joint 1-dB gain and AR<2 dB bandwidths 
of the RA are about 21% and 15% for the CP beams 
for the K- and Ka-band, respectively. The simulated 
gain curves exhibit quite flattened line-shapes for both 
the RCP/LCP beams, which have peak values of around 
24.6/24.4 dBic and 27.5/27.4 dBic in the K- and Ka-band, 
respectively. The corresponding simulated aperture 

Fig. 11  (a) Element number and rotation angle distributions of the K- and Ka-band elements of the dual-band dual-CP 
RA design; (b) photograph of the dual-band dual-CP RA prototype integrated with the broadband dual-CP planar feeds. 
The inset shows an enlarged view of a portion of the top metallic layer of the RA
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efficiencies are around 27.93% and 20.70% at the 
lower and higher frequency bands. To estimate the 
aperture efficiency of the finite-sized RA, the detailed 
loss budgets at the lower and higher bands are listed in 
Table 1. As can be seen, the sum of the loss is about 
5.54 dB (6.84 dB), indicating an aperture efficiency 
of 27.9% (20.7%) at the K-band (Ka-band). The 
main loss of the designed RA is the spillover loss 
caused by the large HPBW of the feed source, which 

can be reduced by using an antenna array or a small 
horn as the feed of the RA.

It can be seen that the dual-band dual-CP RA de‐
sign, although with different beam pointing directions, 
possesses beam squinting for the LCP and RCP beams 
of less than 4° within the joint 1-dB gain and AR<2 dB 
bandwidths (Fig. 13c). The amount of squinting for 
beams pointing at smaller angles of ±20° is less than 3°. 
In addition, the simulated reflection coefficients for the 

Fig. 13  Simulated and measured peak gain and AR as a function of frequency for the dual-band dual-CP RA for the 
K-band (a) and Ka-band (b); (c) simulated and measured beam directions for the dual-band dual-CP RA antenna as a 
function of frequency; (d) performance of the K-band RCP beam (top) and Ka-band LCP beam (bottom) with different 
pointing angles of the RA antenna

Fig. 12  Simulated and measured normalized CP radiation patterns in the two orthogonal planes cutting through the 
main beam of the dual-band dual-CP RA at 19 GHz (a) and 31 GHz (b), where z1=zcos 30°–xsin 30°, z2=zcos 30°+ysin 30°, 
z3=zcos 20°–ysin 20°, and z4=zcos 20°+xsin 20°
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RA design are below −13 dB within the bands of in‐
terest (not shown here for brevity), which are almost 
the same as those of the feeds alone.

To evaluate the performance of the generated 
beam when it is pointed to large angles, the K-band 
RCP (Ka-band LCP) beams with different directions 
in the y-z (x-z) plane from 0° to 60° at an interval of 
15° are presented in Fig. 13d, while keeping the K-
band LCP (Ka-band RCP) beam directed to (θL, φL)K=
(−30°, 0°) ((θR, φR)Ka=(0°, 0°)). As can be seen from 
Fig. 13d, the gain drops by only about 3.2 dB for the 
K-band RCP beam pointing at 60° compared with the 
beam directed at 0°. In addition, the cross-polarization 
levels are lower than −30 dB for all the beams with 
different pointing angles, which indicates that the AR 
performance is satisfying. For the Ka-band LCP beams, 
the gain decreases by about 4.1 dB for the beam point‐
ing at 60° compared with the beam directed at 0° , 
which is a bit more than that of the K-band beam. 
This is caused mainly by the larger element spacing 
at the Ka-band. Moreover, the cross-polarization levels 
are lower than −20 dB, which means that the AR values 
are all lower than 3 dB for all the beams. As a conclu‐
sion, benefiting from the small element spacing, the 
K- and Ka-band beams can even deflect to angles as 
large as 60° with a stable performance.

4.2  Experimental results and discussions

The designed dual-band dual-CP RA is fabricated 
and assembled with the two corresponding dual-CP 
planar feeds. A frame made of glass is built to pre‐
cisely control the relative positions of the feeds and 
the RA panel (Fig. 11b). The inset shows an enlarged 
view of the top metallic layer of the RA. During the 

measurements, when one port of the feeds is excited, 
the others are terminated by matched loads of 50 Ω.

For the dual-band dual-CP RA that generates two 
RCP and two LCP beams distributed asymmetrically 
in the x-z and y-z planes, the measured normalized 
patterns are displayed in Fig. 12. At 19 GHz, the RA 
experimentally produces an RCP beam pointing at 
30.0° in the y-z plane and an LCP beam directed at 
−30.1° in the x-z plane. At 31 GHz, the generated RCP 
beam radiates towards 20.0° in the x-z plane, while a 
directive LCP beam points at −20.1° in the y-z plane. 
The measured peak gain values for the RCP/LCP beams 
are 24.5/24.3 dBic and 27.3/27.1 dBic, respectively, 
corresponding to measured aperture efficiencies of about 
26.9% and 19.8%. As reported in Figs. 13a and 13b, 
the measured joint 1-dB gain and AR<2 dB bandwidth 
is, on average, about 20.6% and 14.6% for the CP beams 
in the K- and Ka-band, respectively. Within these bands, 
the measured beam direction has a variation of less 
than 3.8° and 3.2° for the CP beams pointing at 30° and 
20° from the normal direction, respectively (Fig. 13c).

In all, the measurement results confirm the dual 
broadband properties of the proposed dual-band dual-
CP RA integrated with planar dual-CP feeds. The dem‐
onstrated RA can achieve desirable beamforming with 
independent control of waves of opposite circular-
polarizations or at different frequencies, using only a 
single functional layer. As illustrated in Table 2, com‐
pared to previously reported dual-band dual-CP RAs 
(Luo et al., 2019; Naseri et al., 2020; Xu et al., 2021; 
Tong et al., 2022), the proposed and validated RA en‐
abled by multi-layered phase shifting surfaces pos‐
sesses a greatly extended bandwidth, higher aper‐
ture efficiency, and smaller panel thickness. Their 

Table 1  Simulated constituents of aperture efficiency

Efficiency type

Radiation efficiency

Spillover efficiency

Illumination efficiency

Phase quantization efficiency

Cell reflection efficiency

Oblique incidence efficiency

Total aperture efficiency

Value (%)

K-band

93.11

47.75

75.34

95.94

89.13

97.50

27.93

Ka-band

91.62

44.26

72.11

95.94

85.11

86.70

20.70

Loss (dB)

K-band

0.31

3.21

1.23

0.18

0.50

0.11

5.54

Ka-band

0.38

3.54

1.42

0.18

0.70

0.62

6.84
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small F/D ratio, along with the use of planar feeds, 
also makes the overall profile of the RA antenna 
more compact.

5  Conclusions

This paper reported the design and demonstra‐
tion of the dual-broadband dual-CP RA integrated 
with dual-CP planar feeds. By jointly exploiting the 
dynamic and rotation phase compensation and in‐
terleaving K-/Ka-band multi-layered phase shifting 
elements in a shared aperture, independent phase 
shifts for RCP and LCP waves at both bands can be 
accomplished with a profile of only about 0.1λL. A 
proof-of-concept dual-band dual-CP RA integrated 
with dual-CP planar feeds was synthesized, fabricated, 
and characterized. The measured peak gains were 
greater than 24 and 27 dBic at the K- and Ka-band, 
respectively. The experimentally achieved joint 1-dB 
gain and AR<2 dB bandwidths were close to 21% 
and 15% at the two operational bands, respectively. 
The demonstrated low-profile dual-broadband dual-CP 
RA is a promising candidate for satellite and space 
communication systems.
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antenna
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Element
spacing

22.5 mm
(0.64λL/0.75λH)

5.3 mm
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(0.31λL/0.51λH)

Peak gain
(dBic)**

16.9/19.0
18.3/17.7

29.2/29.1
30.1/30.5

25.6/25.3
31.0/32.1

27.0/27.0
28.0/28.5

24.3/24.4
27.2/27.3

Aperture 
efficiency**

10.6%/17.9%
11.6%/10.3%

22.8%/22.3%
12.5%/13.7%

14.5%/13.8%
13.8%/15.6%

35.0%/35.0%
20.9%/23.9%

26.6%/27.2%
19.5%/20.0%

1-dB gain &
AR<2 dB BW**

<3%/<3%***

<2%/<2%

2.2%/2.2%***

2.6%/2.9%

2.7%/5.8%
<4%/<3%

7.3%/7.2%
6.7%/6.6%

20.6%/21.0%
14.6%/14.7%

* λL is the free-space wavelength at the lower band; ** The data before and after “/” represent the RCP and LCP beam performance respectively, 
and the first and second rows for each work represent the lower- and higher-band performance respectively; *** The results reported for these 
two works represent their 1-dB gain and AR<3.5 dB bandwidth
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