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Abstract: A novel beam-forming module based on Wilkinson power divider technology, including 

attenuators and phase shifter chips is designed, fabricated and evaluated to be incorporated in a Relay 

Station connecting him with the Base Station under a 4G network. The proposed module is a 1:8 port 

circuit, utilizing two substrates, providing approximately 700MHz bandwidth over 3.5GHz frequency band 

and less than -20dB transmission line coupling. Moreover an external control unit that feeds the beam-

forming module with code-words that define the proper amplitude/phase is established and described. 
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I. Introduction 

4G wireless networks have received much attention nowadays because they provide 

high bit-rates and can support high requirement applications such as High Definition 

video [1]. Under such networks, there are areas of limited or no connectivity due to 

terrain, building distribution and constrained in-building penetration. In such cases 

Relay Stations [2] are utilized as transceivers for receiving, enhance and forward 

signal to the desired direction. These network devices are valid for maintaining high 

throughput and provide broadband access to end users with a minimum of cost. Fig. 1 

depicts the application and usage advantages of Relay Stations. 
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A Relay Station (RS) should be equipped with a proper antenna array to communicate 

with Base Station (BS). Such an antenna array described in [3] should have beam-

forming properties to steer the main lobe of radiation to the direction where the BS is 

placed, establishing in this way the backhaul link. For this reason a beam-forming 

module for power division and signal processing is required for feeding the antenna 

array with properly adjusted currents. Such a module has the general form depicted in 

Fig. 2. 

 

 
Many techniques have been proposed in literature for power division, such as T-

junctions [4], 3-dB directional couplers [5] and Wilkinson power dividers (WPD) [6]. 

The latter technology has been widely investigated, presenting several types and 

variations. More specifically an 1:2 WPD including stubs for dual band operation has 

been designed and tested operating at 900MHz and 1.9GHz showing increased 

bandwidth [7]. In addition a 1:2 WPD with an additional isolation network has been 

presented providing 4.6GHz bandwidth and low transmission line coupling, testing 

equal and unequal cases of power split [8]. The case of arbitrary power division ratios 

was discussed in [9] as well as the WPD harmonic component suppression studied in   

S
p
li

tt
er

 

   w 

   w 

   w 

. 

. 

. 

. 

Phase shifter Attenuator 

Figure 2: Beam-forming module schematic 
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Figure 1: Relay Station operation 
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[10]. Furthermore a 5 output port WPD was tested in [11] for 435MHz utilizing 

lumped elements, providing an isolation of lower than -25dB and a six way WPD 

based on LTCC substrate, operating in Ka band was designed and evaluated, 

providing 8.38dB insertion loss [12]. 

In this paper a small size beam-forming module including the 1:8 WPD and 

attenuator/phase shifter chips is designed and experimentally evaluated presenting 

low isolation, below -20dB, operating in the 3.5GHz frequency band to be connected 

with an antenna array and placed on a Relay Station under a 4G network, realizing the 

backhaul link. Wilkinson power dividers have been selected as they provide planar 

configuration, precise power division, good isolation between input and output ports 

and can be easily connected to other planar devices. The study of the proposed beam-

forming module is organized as follows: In section II the beam-forming circuit 

utilizing Wilkinson power divider technology is described, providing equations where 

necessary and the included chips for the proper signal processing. Onwards on section 

III the beam-forming module is tested in terms of the S parameters, considering two 

scenarios of amplitude/phase combinations and relevant diagrams are depicted and 

commented. In section IV the external circuit used for the introduction of the 

amplitude/phase to the corresponded chips is presented and section V includes a 

summary of the aforementioned study and pointing out some critical parameters.    

 

II. Beam-forming module design and fabrication 

In this section beam-forming module is presented providing precise power division 

and signal processing properties. It is based on Wilkinson power divider technology 

combined with Surface Mount (SMT) digital chips that appropriately adjust the 

amplitude and phase of the excitation currents. The proposed module is depicted in 

Fig. 3. 

 
Two Rogers RO 4003 substrates (εr=3.55, height h=0.508mm) were used as can be 

noticed in Fig. 3c. On the top substrate, an 1:8 Wilkinson power divider utilizing 

microstrip lines is formed, including IMS024 SMT resistors of 100Ω combined with 

Figure 3: Beam-forming module; (a) Top view (b) Bottom view (c) Cross section 

(a) (b) 

(c) 

Port 1 

Port 2 Port 3 Port 2 Port 3 
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HMC629lp4 SMT attenuator [13] and HMC648lp6 SMT phase shifter [14] chips. 

These chips are loaded with 4 and 6 bit code words respectively that adjust the 

amplitude and phase of the excitation signal. The code words are defined by an 

external amplitude/phase control unit and enter the beam-forming module through the 

Digital information inputs showed in Fig. 3a. The bottom substrate of Fig. 2c holds 

the ground plane and the digital information transmission lines. The panel has 

dimensions of 21.2cm×21.8cm. 

Basic Wilkinson power divider technology [6] is showed in Fig. 4 where a simple 

case of 1:2 power division is depicted in terms of the transmission line length and 

resistance. 

 
50Ω microstrip lines have been designed using the following formulas found in [15]: 
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h is the substrate’s thickness, εr the substrate’s permittivity, Z0 the characteristic 

impedance of microstrip line, η0 the free space impedance, N an integer number and 

λg the wavelength in the substrate that is equal to: 
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Microstrip line dimensions have been defined for 3.5GHz resonance frequency, 

considering Rogers RO 4003 substrate with thickness 0.508mm. 

An important issue regarding the beam-forming module design has to do with the 

incorporation of SMT attenuator and phase shifter chips on the Wilkinson power 

divider circuit. As can be seen in Fig. 5, the attenuator input and output port is in 

series connected with 100pF DC blocking capacitors for discarding DC signal 

components and are also considered as parts of the matching circuit between the 

transmission line and the input/output of the attenuator. In addition, both phase shifter 

and attenuator devices are connected with 1000pF and 330pF bypass capacitors 

respectively placed in parallel with the RF/AC port and the reference ground, where 

the DC voltage is maintained and the RF signal is short-circuited to the ground [16]. 
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Figure 4: 1:2 Wilkinson power divider 
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III. Beam-forming module performance evaluation 

An external amplitude/phase control unit is used for assigning specific values to the 

attenuator and phase shifter chips. Then an Anritsu MS6059A VNA instrument is 

utilized for the experimental measurements of the S parameters of the investigated 

circuit. This study is especially focused at the 3.5GHz band with a range of 3.3GHz to 

3.8GHz. At first all amplitude and phase values are set equal to 0dB and 0deg S11 

depicted in Fig. 6. 

 

 
 

Figure 6: S11 of the beamforming module 

Figure 5: Beamforming module with SMT chips mounted (a) Top view (b) Attenuators (c) Phase 

shifter 
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Beam-forming module operated in the frequency range from 3.3GHz to 4GHz, 

presenting 700MHz bandwidth (S11<-10dB) with a minimum of S11=-27.1dB at 

3.4GHz. Onwards insertion loss in terms of S21 and isolation in terms of S32 are 

presented in Fig. 7. 

 

 

 
 

Experimental insertion loss depicted in Fig. 7a, varies from -16.4dB for 3.8GHz to     

-14.7dB for 3.35GHz while the experimental isolation approximates -27.3dB for 

3.65GHz and reaches -26dB for 3.3GHz. S32 parameter is adequately low, less than -

20dB for the frequency range of interest, proving low coupling between microstrip 

lines. On the other hand S21 reaches approximately -15dB attenuation as a result of 

power division, SMT chip incorporation and SMA connector mismatches. 

The evaluation of the beam-forming module is continued considering a combination 

of amplitudes and phases which are assigned to the corresponded chips providing 

simulation and experimental results depicted below. The amplitude/phase 

combination scenario is included in Table 1. 

 
Table 1: amplitude/phase scenario 

(a) 

(b) 

Figure 7: S parameters of the beam-forming module; (a) Insertion loss S21 (b) Isolation S32 
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Chip 1 2 3 4 5 6 7 8 

Amplitude (dB) 0 -3 -3 -6 -6 -9 -9 -12 

Phase (deg) 0 16.875 33.75 61.875 73.125 73.125 0 0 

 

The above values of amplitude and phase are inserted in the chips of the beam-

forming module and S11 parameter is depicted in Fig. 8. 

         
 

Beam-forming module presents S11=-32.2dB for 3.5GHz and a bandwidth of 

650MHz, from 3.25GHz to 3.9GHz that overcomes the required bandwidth. Onwards 

the insertion loss and isolation is assessed  for the same scenario of amplitude/phase 

and depicted in Fig. 9. 

 

Figure 8: S11 of the amplitude/phase scenario of Table 1 
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Experimental insertion loss (S21) is equal to -14.7dB for 3.35GHz and -16.3dB for 

3.8GHz while S32 reaches -28.9dB for 3.3GHz and -30.1dB for 3.65GHz. Other 

graphs of have been obtained for several amplitude/phase scenarios showing similar S 

parameter behavior, proving the stability and efficiency of the beam-forming module.     

 

IV. Amplitude/phase control unit 

The beam-forming module depicted in Fig. 3 is externally fed by an amplitude/phase 

control unit. This unit includes: 

 

• AVR EVK 1100 microcontroller of Atmel,  

• 74HC154 chip (4 to 16 line decoder/demultiplexer),  

• 74VHC139 chip (dual 2 to 4 decoder/demultiplexer) 

• 74LS164 chip (serial in parallel out shift register)  

 

Microcontroller is used for defining the proper 4 bit and 6 bit codeword that 

corresponds to an amplitude and phase value to be inserted to the beam-forming 

(a) 

(b) 

Figure 9: S parameters of the beam-forming module for the amplitude/phase scenario of table 1; (a) 

Insertion loss S21 (b) Isolation S32 
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module. Two decoders are incorporated for selecting the appropriate attenuator and 

phase shifter chip that will accept the codeword and finally shift registers are included 

for the transformation of bit stream into parallel form and then enter into the chips. 

Fig. 10 depicts the proposed control unit configuration. 

 

 
Shift registers shown in Fig. 10 are connected to the digital information input shown 

in Fig. 3a through wires carrying the necessary codewords to the proper attenuators 

and phase shifters. In this way amplitude and phase adjustments take place in RF level 

simplifying in this way signal processing. Moreover the utilization of digital chips 

provide some advantages such as low size, quick amplitude/phase change, low losses, 

low power requirements and high amplitude/phase accuracy. 

 

V. Conclusions  

In this study a beam-forming module for the backhaul link realization was designed, 

fabricated and tested for a Relay-aided 4G network. This module utilizes a two 

substrate planar configuration including Wilkinson power divider microstrip circuit 

and SMT attenuators and phase shifter chips. For the case of setting 0 dB amplitude 

and 0 deg phase, the beam-forming module is tested in terms of S parameters and 

results prove operation from 3.3GHz to 4GHz with resonance at 3.4GHz. 

Experimental S21 varies from -16.4dB to -14.7dB while S32 changes from -27.3dB to  

-26dB in the frequency band of interest (3.3GHz to 3.8GHz). A second case of 

amplitude/phase combination is considered and S parameters are also obtained and 

depicted. S11 provides a bandwidth of 650MHz from 3.25GHz to 3.9GHz while S21 

varies from -16.3dB to -14.7dB and S32 from -30.1dB to -28.9dB within the specified 

frequency band.  

The proposed beam-forming module has a planar small size configuration making in 

this way easy the installation procedure on a Relay Station. Besides this it provides 

AVR 

Microcontroller  

Decoder/ 

Demultiplexer

s  

Shift 

Registers  

Figure 10: Amplitude/phase control unit  
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efficient power division in the frequency range of interest, high microstrip line 

isolation and operation in a wide range of amplitude/phase combinations. Two such 

modules can be used in a parallel form connected via SMA cables with an array 

presented in [3] to provide a phased array system which can be used in Relay-aided 

WiMAX network for backhaul link realization. The proposed phased array setup can 

be seen in Fig. 11. 
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