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Abstract— A wideband, multimode, and monostatic 

simultaneous transmit and receive (STAR) antenna subsystem is 

proposed. The configuration is composed of a single four-arm 

spiral and two analog circuit layers designed to maximize 

isolation between the transmitting (TX) and receiving (RX) 

channels. The first layer consists of two Butler matrix 

beamformer networks (BFNs); one for each TX, and RX. The 

second layer integrates four, ideally phase-matched, circulators 

between the spiral arms and the BFNs. Theoretically, this 

configuration achieves infinite isolation irrespective of 

circulator’s quality. However, the BFN imbalances and the 

dissimilarities between the four circulators degrade the overall 

isolation. The operational principles are discussed under the ideal 

conditions and in the presence of circuit imperfections. For a 

four-arm spiral, the utilized BFN provides orthogonal modes 1, -

1, 2, and 3 allowing STAR capability with multimode and diverse 

radiation patterns. The subsystem isolation and far-field 

performances are characterized experimentally and 

computationally for different modes of operation. A simple 

approach to achieve a dual-polarized STAR operation over 

narrower bandwidth with the proposed subsystem is also 

discussed. The multimode subsystem is demonstrated over 4:1 

bandwidth with high isolation, VSWR<2, consistent patterns, 

axial ratio<3dB over a wide field of view for the broadside modes 

(1, -1) and <4.2dB for other conical modes (2, 3).   

 

Index Terms—Butler-matrix, circulators, full-duplex, isolation, 

self-interference cancellation, spiral antenna, STAR 

I. INTRODUCTION 

ireless networks typically operate in half-duplex regime 

where they transmit and receive over the same real-

estate at different times or frequencies using either time or 

frequency division duplex (TDD or FDD)  [1]. To improve the 

throughput and spectral efficiency of the existing wireless 

networks and maximize RF spectrum use, full-duplex or 

simultaneous transmit and receive (STAR) systems have been 

recently considered [2]-[9]. Realizing STAR operation with a 

single aperture is challenging due to the high self-interference, 

which disables the receiver’s ability to discern the actual 

signal. To eliminate the self-interference problems, the TX/RX 
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system isolation is required to be high, typically >100dB for 

low-TX powers. This high isolation level is typically achieved 

by utilizing multiple stages of self-interference cancellations 

in antenna, analog, and digital domains [10]. This paper 

proposes a novel wide bandwidth single-aperture STAR 

antenna subsystem with high isolation and attractive radiation 

characteristics for different applications.     

Typical approaches for achieving high isolation at the 

antenna layer rely on physically separating the TX and RX 

apertures by several wavelengths [2], dissimilar beam 

orientations, polarization differentiation, self-cancelation with 

manipulation of the phases of coupling paths, or null 

placement in the direction of RX antenna [3]-[9]. These 

techniques can achieve tolerable levels of isolation at the 

expense of large size, narrow bandwidth, complex BFN, 

different TX and RX radiation characteristics, and high cost 

making them unrealistic for many wireless systems. For all 

these reasons, single aperture STAR antenna subsystems are 

vastly preferred.  

Single aperture subsystems usually utilize passive ferrite 

circulators to isolate the TX and RX paths. These circulators 

are inherently narrowband; however, the bandwidth thereof 

can be improved to two octaves [11] at expense of lower 

isolation (<15dB) and higher insertion loss (>1.5dB). State of 

the art commercial-of-the-shelf (COTS) circulators can 

achieve high isolation level of >20dB over an octave 

bandwidth [12]. However, the return loss of the antenna limits 

their use due to the leaked reflected signal. Thus, the use of 

these high-isolation circulators for monostatic STAR 

applications requires an antenna with return loss better than 

the circulator’s isolation over the entire operating bandwidth, 

which is quite challenging. In addition to passive circulators 

[13]-[16], active electronic and photonic circulators are 

demonstrated [17]-[20]. These devices outperform their 

passive counterparts in terms of isolation and bandwidth and a 

decade bandwidth photonic circulator with isolation >40dB is 

achievable [20]. This device has an additional port, antenna-

balance port, which balances out the impedance variation of 

the antenna and overcomes the issue of leakage due to the 

antenna reflection. The recognized drawbacks of the photonic 

as well as active circulators include complexity, limited power 

handling capability, linearity, size and higher cost.  

Other interesting techniques to realize monostatic STAR 

subsystems are also proposed [21]-[22]. Therein, spiral 

antenna geometrical characteristics and applied excitation are 
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exploited to cancel the coupled TX signal at the RX port. 

These circulator-less techniques have shown isolation >38dB 

over 5:1 bandwidth.  However, the STAR spiral’s far-field 

performance (i.e. axial ratio and gain) is degraded at lower 

frequencies compared to the performance of a conventional 

spiral due to the existence of the parasitic arms. Other 

techniques implement a balanced feed network of two 

circulators and quadrature hybrids capable of simultaneously 

cancelling the circulator leakage and the antenna reflection are 

proposed in [23]-[24]. In [24], isolation >40dB is 

demonstrated over the designated bandwidth from 900MHz-

930MHz. The system bandwidth is limited by the used 

components’ operational bandwidth and performance quality.    

This paper proposes a novel monostatic approach that fully 

exploits the characteristics of a four-arm spiral, its BFN and 

circulators to achieve high isolation. Since the introduced 

configuration utilizes a single multi-mode frequency-

independent antenna the multi-octave operation with decent 

far-field performance and cost-effective implementation is 

enabled. Different polarization and modes of operation with 

broadside or conical radiation characteristics can also be 

supported. Moreover, high power handling capability can be 

achieved by implementing a robust spiral design [22] and 

utilizing high-power circulators and hybrids. The subsystem 

architecture and principle of operation are fully discussed in 

this paper. The impact of circuit component imperfections on 

the overall TX/RX isolation is also analyzed. Furthermore, the 

demonstration STAR spiral subsystem is prototyped and 

measured with actual components to showcase the practical 

feasibility of the proposed antenna subsystem. 

This paper is organized as follows; Section II discusses the 

operational principle of the proposed multimode STAR 

antenna subsystem. Section III shows the impact of circuitry’s 

imbalances and asymmetry on the TX-RX isolation. Section-

IV describes the realized antenna subsystem and characterizes 

the performance thereof for mode 1 operation. Finally, the 

feasibility of multimode STAR operation is discussed in 

Section V. 

II.  STAR ANTENNA SUBSYSTEM DESCRIPTION AND 

OPERATIONAL PRINCIPLES  

The proposed monostatic STAR antenna subsystem is 

shown in Fig. 1. The subsystem consists of a single four-arm 

spiral aperture and two Butler matrix BFNs (i.e. one for TX 

channel and the other for RX channel). Phase-matched 

circulators are integrated on each arm between the antenna and 

BFNs. The main components of the subsystem are: 
Antenna: Four-arm spiral is employed to achieve wideband 

operation with good and consistent impedance match, and 

stable radiation patterns. This antenna can also support three 

different frequency independent modes. Each mode has its 

own input impedance and far-field characteristics. Mainly, 

mode 1 (broadside mode) and modes 2 and 3 (conical beam 

modes) can be excited by applying equal amplitude and proper 

phase vector splits between spiral arms. Particularly, to excite 

mode m of operation the relative phase between spiral arms 

has to be mπ/2 [25].  Notice that the turn-on frequencies of 

modes 2 and 3 are two and three times the turn-on frequency 

of mode 1; respectively. The multimode capability is crucial 

for the antenna subsystem performance, as it will be 

demonstrated. Another interesting feature of this aperture is 

the ability to radiate both senses of circular polarization (i.e. 

RHCP and LHCP) over ~3:1 bandwidth if it is appropriately 

designed and excited [25]. The dual-polarized spiral principle 

of operation is based on the support of mode 3 which will not 

radiate efficiently until three times mode 1 turn-on frequency 

due to the size of the used spiral aperture. Thus, the non-

radiating currents reach the open end of spiral arms and reflect 

back as mode -1 which then radiates with the opposite 

polarization sense of mode 1. This feature will be utilized to 

demonstrate a dual-polarized monostatic STAR antenna 

subsystem. The proposed approach works with any four-arm 

spiral topology either a planar or a conical spiral. Right-

handed wrapped Archimedean spiral is selected herein for 

further discussion and demonstration.    
 

 
 

Fig. 1.  Schematic of the proposed STAR antenna subsystem.  
 

Circulators: Four ferrite circulators are connected to the 

four-arm spiral through a bundle of four coaxial cables. The 

other two circulators’ ports are connected to the TX and RX 

BFNs as shown in Fig.1. Circulators are employed to realize a 

monostatic STAR operation; however, they can be replaced 

with power dividers, directional couplers, or other three port 

routing device [24]. The circulators are chosen here since they 

provide the lowest insertion loss for both TX and RX paths. 

Theoretically, as will be shown later, the proposed STAR 

antenna subsystem can achieve infinite isolation irrespective 

of the circulator’s quality. However, it is important that the 

four circulators are phase-matched to avoid any extra 

imbalances that could degrade the isolation. Also, it should be 

noted that the circulator bandwidth limits the proposed 

system’s operational bandwidth. 

Beamforming Network (BFN): 2(inputs)×4(outputs) Butler 

matrix BFN consisting of two 180º hybrids and one 90º hybrid 

is used at the TX side as shown in Fig. 1. TX BFN supports 

the excitation of modes 1 and 3. The RX BFN is 4× 4 Butler 

matrix BFN. It consists of three 180º hybrids and one 90º 

hybrid as shown in Fig. 1. The RX BFN supports the 

excitation of modes 1, 2, 3, and 4. Mode 4 is unused in this 

configuration and its port is terminated with a matched load. 

The proposed STAR antenna subsystem can operate in 

broadside beam mode 1 or conical beam mode 3  
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Fig. 2.  Signal flow diagram of the proposed STAR subsystem for (a) TX, and (b) RX sides. TX BFN supports the excitation of modes 1 and (3,-1) and the RX 
BFN supports the excitation of modes 1, 2, and (3,-1). Only (Mode 1) TX and (Mode 1 and Mode 2) RX coupling signal cancellation mechanism is shown. For 

(mode 3 or mode -1) TX and (mode 3 or mode -1) RX, the analysis is similar but the feeding port is switched at the TX and RX 90° hybrids. 

with similar RHCP TX and RX radiation patterns. Different 

TX and RX patterns can also be obtained by operating the TX 

and RX BFNs in modes 1 and 2; respectively. Moreover, 

LHCP broadside patterns can be radiated by exciting mode -1 

(i.e. mode 3 below its turn-on frequency) at TX and RX BFNs. 

For all these arrangements, high isolation is preserved between 

the TX and RX channels. If the antenna is fully symmetric and 

TX/RX BFNs are ideal (i.e. imbalances-free), the proposed 

subsystem should completely eliminate the self-interference at 

RX port and re-route the coupled TX signal to the unused 

input ports. 

To demonstrate the STAR antenna subsystem operational 

principles, the signal flow from the TX port to the RX port is 

analyzed as shown in Fig. 2. To simplify the analysis, lossless 

ideal hybrids and phase-matched circulators are assumed. The 

principle of operation for each TX/RX mode is explained as 

follows: 

A. Mode 1 TX / Mode 1 RX: For mode 1 operation at TX and 

RX sides, the antenna subsystem isolation can be computed by 

accounting for all coupling paths as: 

1) Starting from TX BFN, mode 1 port is excited with a 

voltage signal of magnitude V. The output voltages can be 

simply written as: 
 

𝑉𝑇𝑋,𝑛 = ( 𝑉/ 2) 𝑒−𝑗𝜙𝑇𝑋,𝑛                                (1.a) 
 

and  
 

𝜙𝑇𝑋,𝑛 = {0°, 𝜋/2, 𝜋, 3𝜋/2} ;  𝑛 = 1,2,3, and 4       (1.b) 
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The four output signals have eqaul magnitude of (V/2) and 

phase vector of 𝜙𝑇𝑋. 

2) The output signals are routed by the circulators to the 

antenna ports which enabling mode 1 radiation. Portion of the 

signal (𝑉𝑙𝑒𝑎𝑘𝑒𝑑,𝑛) is leaked to the RX paths due to the 

insufficient isolation of the circulator. The input signal to each 

spiral arm is defined as, 

 𝑉𝑖𝑛𝑝𝑢𝑡,𝑛 = 𝑉𝑇𝑋,𝑛 T𝐶𝑖𝑟.,𝑛                               (2) 
 

and the leaked signal, 

   

𝑉𝑙𝑒𝑎𝑘𝑒𝑑,𝑛 = 𝑉𝑇𝑋,𝑛 L𝐶𝑖𝑟.,𝑛                               (3) 
 

 

where T𝐶𝑖𝑟.,𝑛 and L𝐶𝑖𝑟.,𝑛 are the circulator transmission 

coefficient and leakage factor, respectively. Then, the 

reflected TX signal from the antenna arms ( 𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑,𝑛) 

couples through the circulators to the RX paths as shown in 

Fig. 2b, 
 

 𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑,𝑛 =  𝑉𝑖𝑛𝑝𝑢𝑡,𝑛  Γ𝑎𝑟𝑚,𝑛 T𝐶𝑖𝑟.,𝑛                 (4) 
 

 
 

where Γ𝑎𝑟𝑚,𝑛 is the active reflection coefficient of each 

antenna’s arm.  
 

3) The TX coupled signals from the spiral reflection 

( 𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑,𝑛) and circulators leakage (𝑉𝑙𝑒𝑎𝑘𝑒𝑑,𝑛) are then 

routed through the RX BFN. The coupled TX signals at RX 

port can be written as, 
 

𝐶1_(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = (
1

2
) (𝑉𝑙𝑒𝑎𝑘𝑒𝑑,1 +  𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑,1) 𝑒−𝑗{0}      (5. 𝑎)  

 

𝐶2_(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = (
1

2
) (𝑉𝑙𝑒𝑎𝑘𝑒𝑑,2 +  𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑,2)𝑒−𝑗{𝜋/2}    (5. 𝑏) 

 

𝐶3_(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = (
1

2
) (𝑉𝑙𝑒𝑎𝑘𝑒𝑑,3 +  𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑,3)𝑒−𝑗{𝜋}       (5. 𝑐) 

 

𝐶4_(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = (
1

2
) (𝑉𝑙𝑒𝑎𝑘𝑒𝑑,4 +  𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑,4)𝑒𝑗{𝜋/2}       (5. 𝑑) 

 

By plugging (3) and (4) in (5), the previous equation can be 

simplifed further and re-written as, 
 

𝐶1_(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = (
𝑉

4
) (𝐿𝐶𝑖𝑟.,1 + T𝐶𝑖𝑟.,1  Γ𝑎𝑟𝑚,1 T𝐶𝑖𝑟.,1)           (6. 𝑎) 

 

𝐶2_(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = (
−𝑉

4
) (𝐿𝐶𝑖𝑟.,2 + T𝐶𝑖𝑟.,2  Γ𝑎𝑟𝑚,2 T𝐶𝑖𝑟.,2)        (6. 𝑏) 

 

𝐶3_(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = (
𝑉

4
) (𝐿𝐶𝑖𝑟.,3 + T𝐶𝑖𝑟.,3  Γ𝑎𝑟𝑚,3 T𝐶𝑖𝑟.,3)            (6. 𝑐) 

 

𝐶4_(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = (
−𝑉

4
) (𝐿𝐶𝑖𝑟.,4 + T𝐶𝑖𝑟.,4  Γ𝑎𝑟𝑚,4 T𝐶𝑖𝑟.,4)        (6. 𝑑) 

 

4) If the symmetry is maintained along all circulators; the TX 

and RX BFNs, and active reflection coefficients of the four 

spiral antenna’s arms, are assumed to be similar as, 
 

𝐿𝐶𝑖𝑟.,1 = 𝐿𝐶𝑖𝑟.,2 = 𝐿𝐶𝑖𝑟.,3 = 𝐿𝐶𝑖𝑟.,4                        (7. 𝑎) 

T𝐶𝑖𝑟.,1 = T𝐶𝑖𝑟.,2 = T𝐶𝑖𝑟.,3 = T𝐶𝑖𝑟.,4                           (7. 𝑏) 

 

Γ𝑎𝑟𝑚,1 = Γ𝑎𝑟𝑚,2 = Γ𝑎𝑟𝑚,3 = Γ𝑎𝑟𝑚,4                       (7. 𝑐) 

 
5) These routed coupled signals in (6) should cancel one 

another since each two coupling paths are out of phase 

compared to the other two. Then, the total routed coupled 

signals from the TX ports to the RX port can be expressed as 

(8.a). 
 

𝐶(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = 𝐶1_(𝑇𝑋 𝑡𝑜 𝑅𝑋) + 𝐶2_(𝑇𝑋 𝑡𝑜 𝑅𝑋) + 𝐶3_(𝑇𝑋 𝑡𝑜 𝑅𝑋)

+ 𝐶4_(𝑇𝑋 𝑡𝑜 𝑅𝑋) = 0                                   (8. 𝑎) 

 

Or, in more general form as 
 

 

𝐶(𝑇𝑋 𝑡𝑜 𝑅𝑋)   = (
1

2
) ∑(𝑉𝑙𝑒𝑎𝑘𝑒𝑑,𝑛 +  𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑,𝑛)

4

𝑛=1

 𝑒−𝑗𝜙𝑅𝑋(𝑛)

= 0 

(8. 𝑏) 

Where  
 

𝜙𝑅𝑋(𝑛) = {0°, 𝜋/2, 𝜋, 3𝜋/2}  ;  𝑛 = 1,2,3,4       (8. 𝑐) 

 

Hence, the BFNs effectively cancel portion of the coupled 

TX signals that travel to the RX port; while redirecting the rest 

of the non-radiated coupled signals from the transmitter to the 

unused mode 3 port of the RX 90° hybrid which is 

appropriately terminated.  

B. Mode 3 TX / Mode 3 RX & Mode -1 TX / Mode -1 RX : for 

this arrangement, the other port of the 90° hybrids in both TX 

and RX BFNs is used to excite mode 3 (higher band) and 

mode -1 (lower band), as illustrated in Fig.1. It can be proven 

that the TX coupled signals are also cancelled for TX/RX 

mode 3 and mode -1 operation and the residual signals are 

redirected to the RX BFN mode 1 port. Even though the signal 

flow is not included in Fig.2, the similar analysis to Mode 1 

can be easily repeated.  Only, the TX and RX phase 

progressions of (1.b) and (8.c) need to be replaced by: 
 

𝜙𝑇𝑋(𝑛) = {0°, 3𝜋/2, 𝜋, 𝜋/2} ;  𝑛 = 1,2,3,4           (9.a) 

 

𝜙𝑅𝑋(𝑛) = {0°, 3𝜋/2, 𝜋, 𝜋/2} ;  𝑛 = 1,2,3,4           (9.b) 
 

C. Mode 1 TX / Mode 2 RX: Once mode 1 is excited as TX, 

mode 1 RX and mode 2 RX can be received simultaneously. 

For mode 1 TX / mode 2 RX configuration, the coupled mode 

1 TX signals are cancelled at the sum ports of first two 180º 

RX hybrids before entering the last RX 180° hybrid. Hence, 

for the ideal case no coupled signal should be directed through 

the last mode 2 180º hybrid as shown in Fig. 2b. To compute 

the coupling, (1)-(8) can be re-applied and only the RX phase 

progression in (8.c) is needed to be replaced to produce mode 

2 as: 
 

 𝜙𝑅𝑋(𝑛) = {0°, 𝜋, 0, 𝜋} ;  𝑛 = 1,2,3,4                 (10) 

 
 

The above investigation for the various modes shows that 
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the coupled TX signals are cancelled at the receiving BFN 

ports leading to theoretically infinite isolation between TX and 

RX channels. To validate the proposed assumption comput-

ationally, the method of moments (MoM) solver FEKO, [26], 

is used to model a dual-layer 70mm diameter four-arm 

Archimedean spiral. The simulated s-parameters are then 

imported to AWR circuit simulator where the ideal hybrids 

and 10dB isolation circulators are implemented and the 

antenna subsystem TX/RX isolation is computed. The 

simulated isolation is plotted in Fig. 3 and as expected, high 

subsystem isolation of >75dB is obtained for the three 

configurations over 4:1 bandwidth.  

 
Fig. 3.  Mode 1 TX / Mode 1 RX, Mode (3,-1) TX / Mode (3,-1) RX, and 
Mode 1 TX / Mode 2 RX simulated isolation of an ideal spiral STAR system. 

III. NON-IDEALITY EFFECTS 

In previous section, the circuit components were assumed to 

be ideal. However, in practice, these components have 

responses that vary differently over the frequency band of 

operation. This indeed introduces some asymmetry to each of 

the TX coupled signal paths causing deterioration in the 

isolation performance. In other words, the general expression 

stated in (8.b) is no longer accurate and should be substituted 

by (11) to account for these imperfections.  

𝐶(𝑇𝑋 𝑡𝑜 𝑅𝑋)  = (
1

2
) ∑{𝑉𝑙𝑒𝑎𝑘𝑒𝑑,𝑛 +  𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑,𝑛 +  𝑉𝑖𝑛𝑐}

4

𝑛=1

. 

𝑒−𝑗{𝜙𝑅𝑋(𝑛)+𝜙𝑅𝑋𝑖𝑛𝑐
} ≠ 0    (11) 

where 𝜙𝑅𝑋𝑖𝑛𝑐
 and 𝑉𝑖𝑛𝑐 , are the errors introduced by the circuit 

components imperfections. To investigate these effects, 

numerical studies are conducted by varying the isolation levels 

of (a) the four circulators and (b) the amplitude and phase of 

the hybrids. For space restrictions, only mode 1 TX / mode 1 

RX configuration is considered; however, similar conclusions 

apply to other antenna subsystem configurations.  

A. Circulators: the differences among the circulators’ 

characteristics lead to changing the complex weights of each 

of the TX coupled signal paths. As a consequence, the overall 

isolation decreases significantly since no full-cancellation is 

achieved at the RX port/s. Assessment of the isolation 

behavior can be examined by changing each of the four 

matched circulators’ isolation. The chosen isolation for the 

four circulators are 10dB, 20dB, and 30dB. Notice, the 

employed ideal circulators in this study are assumed to be 

frequency-independent just to demonstrate the overall impact. 

The results are shown in Fig.4a, and as seen when all 

circulators have identical behavior, the overall TX/RX 

isolation remains the same even though the isolation levels of 

each circulator changes from 10dB to 30dB. This result 

confirms our observation in (8.b). Nevertheless, once the 

circulators are different, the total TX/RX isolation drops from 

the range of 80dB-90dB into 30dB-40dB, as seen in Fig. 4b. 

The more the performance of the four circulators deviates 

from one another, the more the antenna subsystem isolation 

changes according to the levels of the four circulators’ 

isolation, as shown in Fig. 4b. For instance, comparing the two 

cases of (C1=10dB, C2=11dB, C3=12dB, C4=13dB) with 

(C1=20dB, C2=21dB, C3=22dB, C4=23dB), around ~5-7dB 

improvement is observed.  
 

 
 

Fig. 4.  The effect of the four circulators on Mode 1 TX / Mode 1 RX 

isolation. “C” denotes isolation of each circulator. 

 

B. Hybrids: The impacts of amplitude and phase imbalances 

of the two Butler-matrices are considered next. The chosen 

frequency-independent amplitude and phase imbalances of the 
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hybrids are varied within 0dB-0.6dB and 0°-8°, respectively. 

The amplitude and phase errors can be introduced in circuit 

simulator or using (11). The TX/RX isolation study shown in 

Fig. 5 depicts the spread of isolation values for considered 

hybrids’ amplitude and phase imbalances. Notice that even in 

the worst case isolation of 20dB, the antenna subsystem still 

achieves >10dB extra isolation compared to the 10dB 

circulators’ isolation over 4:1 bandwidth.  Overall, these 

results emphasize the importance of the circuit components on 

controlling the subsystem level of isolation. 
 

 
 

Fig. 5.  Study demonstrates the effects of the hybrids’ imbalances on Mode 1 

TX/ Mode 1 RX isolation; (a) Amplitude, and (b) phase imbalances. The ideal 

circulators’ isolation is fixed at 10dB. 

IV. IMPLEMENTATION AND MODE 1 PERFORMANCE  

To experimentally demonstrate the proposed STAR 

subsystem, a dual-layer right-handed four-arm Archimedean 

spiral with four turns is fabricated (see inset of Fig. 6).  The 

antenna has outer and inner radii of 70mm and 2.5mm, 

respectively, and it was fabricated on a 0.76mm-thick Rogers 

5870 Teflon based substrate (휀𝑟 = 2.33, 𝑡𝑎𝑛 𝛿 = 0.0012). A 

50Ω coaxial bundle composed of four semi-rigid cables is 

used to feed the antenna. To reduce the input impedance and 

achieve good impedance match with the utilized bundle, the 

metal to slot ratio (MSR) of the spiral is increased to 3:1. To 

further improve the match, the dual-layer configuration as in 

[27] is used; where the bottom and the top layers are 

connected with vias located at the center and the arms ends. 

The antenna aperture is backed by ECCOSORB AN-75 

absorber. The mode 1 of this spiral turns-on at ~1.5GHz. The 

BFN is composed of five 180°, two 90° hybrids, and four 

circulators all operating over 2-8GHz and integrated as 

depicted in Fig. 1. All isolation measurements were conducted 

in the University of Colorado anechoic chamber. Measured 

and simulated active VSWRs of the fabricated spiral antenna 

are shown in Fig. 6. Overall active VSWR<1.7 is obtained 

from 2GHz-8GHz and further improvement is obtained in 

VSWR performance once the antenna is connected to the TX 

or RX circulators and BFNs. This is due to the re-routing of 

reflections to the terminated ports of TX and RX 90º hybrids.  

 
Fig. 6.  Measured and simulated active VSWRs for one port of the four-arm 
spiral antenna. Also shown is the measured VSWR for the TX/RX circulator-

BFN’s ports once connected to the fabricated antenna. Shown in the inset are 

the computational model and the photo of the fabricated spiral aperture.  
 

The complete layout of the mode 1 STAR antenna 

subsystem including the Butler matrix TX-RX BFNs, 

circulators, and the fabricated four-arm spiral is shown in 

Fig.7. Two sets of isolation measurements are conducted; one 

for a single circulator, and other for the entirely integrated 

STAR antenna subsystem (BFNs, circulators, and fabricated 

four-arm spiral antenna). The measured isolation for one of 

the four COTS circulators is around 10dB; while for (mode 1 

TX / mode 1 RX) the isolation is >27dB (maximum of 38dB) 

with nominal of 32dB over the band.  
 

 

TX

RX

 

 
Fig. 7.  Mode 1 TX / mode 1 RX measured isolation between the TX/RX 

BFN’s ports compared to one of the four used circulators. The inset shows the 

STAR subsystem of mode 1 TX / mode 1 RX configuration. 
 

As discussed in the previous section, both the imbalances of 

the hybrids and asymmetry of the four circulators contribute 

negatively on the performance of the total TX/RX isolation. 

Even though there is a drop in isolation with respect to the 
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ideal case, still >13dB improvement is achieved over 4:1 

bandwidth compared to the measured COTS circulators. If the 

hybrids, phase matched circulators, and interconnects are 

monolithically integrated, the isolation will be further 

enhanced. Since the same antenna is used as transceiver, the 

far-field performances of modes 1 TX and mode 1 RX are 

quite similar. To quantitatively characterize the similarity 

between the TX’s and RX’s radiation patterns over the 

operational bandwidth, a parameter called envelope 

correlation coefficient (ECC) is used [22]. Overall ECC >95% 

is obtained over the entire band. Therefore, only the TX side’s 

performance is presented herein. The measured and simulated 

realized gain and axial ratio are shown in Fig. 8. As seen, the 

realized gain at broadside is >3.8dB over most of the band 

with excellent axial ratio <3dB up to elevation angles of 30° 

off broadside are obtained throughout 4:1 bandwidth. The 

measured and simulated co-polarized (RHCP) shows high 

quality mode 1 radiation patterns over the entire bandwidth 

(Fig. 9).  
 

 

Fig. 8.  Simulated and measured (a) realized gain of the four-arm spiral 

antenna in mode 1 and (b) axial ratio at 𝜃 = 0° and 30°. 
   

 

2GHz 4GHz

6GHz 8GHz

 
Fig. 9. Simulated (solid) and measured (dotted) normalized RHCP far-field 

radiation patterns of the TX/RX STAR four-arm spiral antenna. 

V. MULTIMODE STAR ANTENNA SUBSYSTEM PERFORMANCE 

The measured and simulated active matches of mode 2, 

mode 3, and mode -1 are shown in Fig. 10. As seen, the 

VSWR is <2 for mode 2 after ~3GHz-3.5GHz (almost 2 times 

the turn-on frequency of mode 1), whereas Mode 3 turns-on at 

~4.5GHz, while mode -1 operates from ~2-4.3GHz (below the 

turn-on of mode 3). Further improvement in VSWR<1.7 for 

mode -1 and mode 3 is obtained once the antenna is connected 

to the complete circulator-BFN. The measured isolation for 

different cases is shown in Fig. 11. The measured isolation is 

>27dB (maximum of 38dB) over the band with a nominal of 

32dB over the band for mode 1 TX/mode 2 RX. For mode 3 

TX/mode 3 RX and mode -1 TX/mode -1 RX configurations, 

the isolation is >24dB (maximum of 35dB) with nominal of 

30dB over the band.  Improvement in isolation of >12dB and 

>15dB are achieved for mode 3 and mode (2,-1); respectively, 

compared to the stand-alone circulator’s isolation.  
 

 
Fig. 10.  Simulated and measured active VSWRs for the antenna and the 

TX/RX circulator-BFN’s ports including the antenna: (a) Mode 2 and (b) 
mode 3 and mode -1.  
 

 
Fig. 11.  Measured isolation between the TX/RX BFN’s ports for RHCP 
Mode 3 TX / Mode 3 RX in ~4 GHz -8GHz, and LHCP Mode -1 TX / Mode -

1 RX in 2GHz - ~3.9GHz range. Also shown is Mode 1 TX / Mode 2 RX 

measured isolation between the TX/RX BFN’s ports (3.5GHz-8GHz). 
 

 

The measured and simulated far-field performances are 

obtained for mode 2 (RHCP), mode -1 (LHCP), and mode 3 
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(RHCP). The axial ratio for mode 2 is measured at the peak 

gain elevation angle of 36°. As shown in Fig. 12, the achieved 

axial ratio is less than 4.2dB over (4.7-5.2GHz and 6-6.2GHz) 

and less than 3dB over most (84%) of the designated 

bandwidth of operation 3.5GHz-8GHz. Mode 3 on the other 

hand has an axial ratio at the peak gain of 48° less than 4dB 

over frequency band of 4.5GHz-8GHz; while mode -1 (LHCP) 

has an axial ratio less than 3dB over 2-4.2GHz at 0°. Overall, 

good circularly polarized performance is achieved with this 

fabricated four-arm multimode spiral. The realized gain over 

the specified operational band for mode 2, mode 3, and mode -

1 is >2dBic, >1.2dbic, >1.5dBic, respectively.   
 
 

RHCP
LHCP

  M2 turns on ~ 3-

3.5GHz

 
Fig. 12.  Simulated and measured axial ratio of the four-arm spiral antenna at 

𝜃 equals 36° for Mode 2 (RHCP), 0° for Mode -1 (LHCP), and 48° for Mode 

3 (RHCP). (Simulated antenna is backed with ideal absorber). 
 

Figs. 13, 14, and 15 show the plotted far-field patterns for 

the mode 2, mode -1, and mode 3 at different frequencies. The 

power loss of the complete beamformer is dependent on the 

match of the four-arm spiral and the leakage from the 

circulators.  
 

3GHz 4GHz

6GHz 8GHz

 
 

Fig. 13.  Mode 2 simulated (solid) and measured (dotted) RHCP far-field 
radiation patterns of the STAR four arm spiral antenna. 

2GHz 3.5GHz

 

Fig. 14.  Mode -1 simulated (solid) and measured (dotted) LHCP far-field 

radiation patterns of the STAR four arm spiral antenna. Only at lower 

frequency band (below 4GHz). 
 

4GHz 6GHz

8GHz7GHz

 
Fig. 15.  Mode 3 simulated (solid) and measured (dotted) RHCP far-field 

radiation patterns of the STAR four arm spiral antenna. Only at higher 
frequency band (higher than 4GHz). 

 

The measured power loss of the Butler-BFNs once 

connected to the measured antenna is shown in Fig. 16. The 

inherent loss of this feeding network is within 10%-20% for 

all different mode configurations. This loss can be further 

reduced and overall system performance improved with 

custom made, tight tolerance components/integrated networks. 

Finally, throughout this paper the computational predictions 

agree well with experiments indicating the robustness of the 

proposed concept.   
 

 
 

Fig. 16.  The measured power loss of the STAR BFN once it is connected to 

the measured circulators and spiral antenna. 
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VI. CONCLUSION 

A novel wideband multimode monostatic STAR antenna 

subsystem is introduced. The configuration is composed of a 

single four-arm spiral with four circulators, and two Butler 

matrix BFNs. It is theoretically demonstrated that infinite 

isolation between the TX and RX ports without any need for 

duplexing in time, frequency, polarization, or spatial domains 

is possible with ideal conditions. Moreover, the flexibility of 

achieving diverse circularly polarized mode combination 

(broadside and split-beam modes or RHCP and LHCP) using a 

single aperture while maintaining reasonable isolation over a 

wide bandwidth is demonstrated. High-simulated isolation is 

achieved for all mode arrangements (1, 2, 3, and -1). The 

proposed theoretical baseline used to explain the isolation 

phenomenology is fully confirmed with these results. The 

measurements on a concept demonstrator are carried out to 

experimentally prove the proposed concept. Results show 

isolation between 23 and 38dB for different mode 

arrangements. The obtained data emphasize the significance of 

imbalances and even though the theoretical isolation is 

compromised in the presence thereof more than 12dB 

improvement is still seen compared to the inherent COTS 

circulator isolation. All modes have shown to have good 

quality radiation patterns. Specifically, modes 1 and -1 have 

AR < 3dB over large field-of-view; while modes 2 and 3 

measure AR levels at <4dB at the peak gain of 36° and < 

4.2dB the peak gain of 48°, respectively.  
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