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Abstract 
 
Variable attenuators are important circuits that can be employed in many radio frequency 

(RF) applications, e.g., in automatic gain control (AGC) amplifiers, broadband gain-control 

blocks at RF frequencies or as broadband vector modulators. For any applications, low 

insertion phase shift and low power consumption are of interest. A way to implement variable 

attenuators is using the RF PIN diode. The PIN diode is characterized by a low doped (I = 

intrinsic) semiconductor region between p- (P) and n-type (N) semiconductor regions. Besides 

the variable attenuators, the PIN-diode is used in other RF circuits, such as RF switches, 

limiters and phase shifters.  

This project presents the design of variable attenuators at 7.5 GHz and 500 MHz frequency 

bandwidth for ultra-wideband (UWB) applications using two different PIN diodes. The 

variable attenuators have a topology based on 90° hybrid couplers. The design is performed 

using Advance Design Systems (ADS) from Agilent Technologies Inc. After presenting the 

PIN diode and its equivalent circuit, the theory of the 90° passive directional branch line 

coupler and the operation principle of the variable attenuators are presented. As the selection 

of the appropriate PIN diode is a critical step in the design, special attention is dedicated to 

this aspect. It follows the design of the variable attenuators with extensive descriptions of the 

simulations in ADS. Firstly, both series and shunt attenuators are presented. However, as 

these circuits normally offer narrow band variable attenuation, the 900 directional branch line 

coupler is used in the attenuator for broader band operation. At the end, a double hybrid 

coupler is found to eliminate the ripple in the high attenuation state of the single hybrid 

coupled attenuator. So the final topology of the variable attenuator is a double hybrid coupler 

variable attenuator- 

Moreover, in this project, different PIN diodes are investigated for variable attenuator 

applications. Different manufacture companies are currently providing different kinds of PIN 

diodes in terms of parameters and packages. Every type of PIN diodes are providing different 

sort of advantages to the designers. That is why it has become more difficult for the RF 

designers to choose the right device for the specified application. Beside the design of the 

variable attenuator using PIN diodes, some considerations in form of a guide line to the 

designers while they are using the PIN diode for designing the variable attenuator. 

In this work, the used PIN diodes are a beam lead PIN diode and chip PIN diode. The beam 

lead PIN diode is used because it is manufactured for high frequency and it produces excellent 
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electrical performance and isolation at high frequencies. On the other hand, the chip PIN 

diode eliminates the problem of package parasitics. However, printed circuit board (PCB) 

manufacturing limitations at the university laboratory incline the balance in the favor of the 

beam lead PIN diode, HPND- 4005 from Avagotech, instead of the also considered chip diode 

MA-COM MA4P202.  
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 Introduction 1.

 

This report is the outcome of the thesis work done at Linköping University within the 

Wireless Network and Electronics Master Program. 

 

1.1 Background and Motivation 
 

High rate data transmission demands a unique wireless communication systems. Ultra-

wideband (UWB) wireless communication systems are designed for high data rate 

transmission. The requirement of UWB technology has already been proven by the worldwide 

research activities by the thousands of researchers of the world and the research is still going 

on. The most challenging and difficult task for designers is achieving circuit performance 

over multi-GHz frequency bandwidth for the RF front-end. One component that is necessary 

in RF front-ends is the variable attenuator. One way to implement UWB attenuators is by 

using PIN diode as a controlling device, which is a relatively new solution proposed for UWB 

transceivers.  

 

1.2 Goal 
 

This project is focused on the design of variable attenuators for broadband applications. In 

conjunction with it, some considerations about the selection of PIN diode are presented. 

 

The circuit frequency is 7.5 GHz and the frequency bandwidth is 500 MHz. The printed 

circuit board is Rogers 4350B.  

 

1.3 Outline of the Report 
 

Chapter 1 is giving an overview of the project. 
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Chapter 2 introduces theoretical concepts regarding the physical structure and operation of 

PIN diodes.  

Chapter 3 presents the directional coupler that is later used as a part of the attenuator.  

Chapter 4 and Chapter 5 introduce the variable attenuators and the PIN diode-based 

topologies for variable attenuators and switches. 

In Chapter 6 different types of PIN diodes are considered, mainly in terms of packages, along 

with selection and design considerations. 

Chapter 7 presents the design of the variable attenuators with simulation set-ups and 

discussions. 

Chapter 8 presents the results of the design. 

Chapter 9 presents the conclusions and some indications about future work.  
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 The PIN Diode 2.

 

A diode which has a wide additional intrinsic layer (I-layer) between the highly doped p+ (P) 

and n+ layers (N) is known as PIN diode. The PIN diode receives its name from the 

abbreviation of its constitutive semiconductor layers. 

 

For forward bias condition and at low frequency, this diode behaves like a simple PN-junction 

diode. At high frequencies, the PIN diode acts like a variable resistor which can vary its value 

according to the control current. For reverse bias condition the PIN diode behaves like a dual 

plate capacitor.

 

Figure 1   (a) Cross-sectional view of a PIN diode, (b) conceptual layer structure 

 

From Figure 1a and 1b, we can understand the layer structures of a PIN diode. I-layer is the 

dividing region between the n-type side and p-type sides. This middle layer thickness varies 

from 1 to 100 たm, depending upon frequency and application. Due to thermal energy, 

electrons are diffusing across the junction in to p-type side and holes are diffusing across the 

junction from the n-type side. These diffusions of mobile charges create a positive fixed-

charge in the n-type side and a negative fixed-charge in the p-type side. As a consequence, an 

electric field is created across the metallurgical junctions.. This electric filed stops the further 

diffusion of the electrons and holes and those in the region with electric field are sweptout. 
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The region where this electric field exists, is known as depletion region. This region is free 

from free electrons and holes.  

 

The depletion region is the main difference between normal diode and a PIN diode. In a PIN 

diode, this region is much larger than that in a normal PN diode and, due to the very low 

doping. It completely exists in the intrinsic region. The size of the depleted region is almost 

independent from the reverse bias voltage. If the diode is forward biased, then the holes and 

electrons enter into the depletion region and create current flow. 

 

For small signal model the diode voltage and current can written as                   (1) 

Where, Vo  is the DC bias voltage,     is the microwave signal and     is the total diode 

voltage. 

We know the diode current    is 

          [            ]        (2) 

 This     is extremely small. So we need to expand Taylor Series to get the diode 

current      , around       

             |                |            
   (        )                      (3) 

In this equation   (        ) is nothing but the DC  bias current    

So the small signal approximation become 

                                     (4)  

Where the diode resistance    is                  (5) 
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2.1 The I-V Characteristic of the PIN Diode Model 
 
 

The junction current of the PIN diode can be expressed as  

       峭          嶌        (6) 

where,    is the applied voltage, IS is the saturation current, n  is the ideality factor, q  is the electron 

charge, k is the Boltzmann constant, and TJ  is the junction temperature. 

IB represents the reverse breakdown current, given by: 

                          (7) 

where, VB  is the reverse breakdown voltage, IBV  is the breakdown saturation current, [1]. 

 

The DC junction characteristic is described with the model parameters: IS, n, VB, IBV. The PIN 

diode equivalent circuit model is shown in Figure 2. The LP and CP describe the parasitics of 

the package. The rest of the components describe the equivalent circuit model of the PIN 

diode. 

 
Figure 2   PIN diode circuit equivalent model [1] 

 

Under forward bias conditions, the diode behaves as a resistor and the resistance of the diode 

is a function of the forward current. When the diode is in the reverse-bias condition, the diode 

behaves as a dual plate capacitor. From Rs, Rmax  and Rv we can get the resistance behaviour of 

the diode where, 
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   {                             (8) 

The resistance at low and moderate forward current level is  

                     (9) 

 

Rv is close to zero at high forward current level. So, the minimum resistance is Rs. In reverse 

bias Rv  becomes infinite, which maximize the  Rs + Rmax. The variable resistance is described 

with the model parameters: Rs, Rmax, K1 and K2. 

 

K2 is normally chosen very close to unity.  Rmax  can be chosen as the RF resistance at 0 V or 

negative bias. RS is the RF resistance of the given maximum current level. From a given RF 

resistance for a moderate current level we can get K1. At this point RV is much less than Rmax. 

So we can say the RF resistance is near equal to RS+Rv. At current level Im  the RF resistance 

is Rm then,                  (10) 

 

The diode should never be reversed biased beyond its DC voltage ratting, VR. The breakdown 

voltage VB  is always higher than the VR  and it is proportional to the I-region width, W. From 

Figure 3 we can see, in normal condition maximum negative voltage swing never exceeded 

VB. Because of the slow reverse to forward switching speed TRF  of the PIN diode, RF signal 

in to the positive bias direction does not shift the diode into conduction mode [2]. As shown 

in Figure 3.  
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Figure 3    RF voltage and current waveforms superimposed on PIN diode I/V characteristic [3]. 

 

The DC voltage at the forward bias is a function of the specific I-V characteristics of the 

diode. At fixed DC bias, the value of forward voltage VF is often used to rate the PIN diodes. 

Generally, when the reverse bias voltage VR is applied across the PIN diode, a fixed amount 

reverse current (usually ~10 たA) will flow. The bulk breakdown voltage VB (near about 

10V/たm) is determined by the I-region width. The price of the PIN diode depends on the 

voltage ratings. PIN diode with lower rating is less costly. PIN diodes with the same 

breakdown voltage can have different voltage ratings [2]. 

 

If we model the DC I-V characteristics, capacitance and variable resistance for PIN diode, it 

required a total of 16 microwave parameters. Besides them, there are three extrinsic 

parameters, which describe the package parasitics and parasitics of the bonding pads. CP, CB 

and LP represent the package parasitic capacitance, beam-lead parasitic capacitance and 

package parasitic inductance [1]. 
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2.2 RF Electrical Equivalent Circuits of the PIN Diode 
 

PIN diode shows two different behaviours, one under forward bias condition and the other 

under reverse bias condition. Under forward bias, it behaves like a resistor allowing current to 

flow through it. It is possible to control resistance value (RS) by changing the voltage, hence 

the current over the diode.  Under reverse bias, it acts like an ordinary diode at high frequency 

reflecting and giving distortion to the RF signal. In Figure 2, the complete PIN diode model is 

shown. According to bias condition, it is possible to represent the PIN diode equivalent circuit 

into two different configurations, as shown in Figure 4, Figure 5 and Figure 6. 

 

2.2.1. Forward Bias Equivalent Circuit 
 

At forward bias, the PIN diode behaves like a series combination of the series resistance RS 

and a small inductance (Ls). RS is dependent on the forward bias current (IF) as shown in (8). 

Figure 4 shows the simplified model of PIN diode from Figure 2, under forward bias 

condition.  

 

Figure 4   Forward bias equivalent circuits 

 

At forward bias condition, the stored charge Q of the PIN diode should be much greater than 

the increasing stored charge, which is added or removed by the RF current IRF. The 

relationship between RS and IF  is:  

         Rs   W 2    μn   μp  Q  Ohms  or Rs   W 2    μn   μp  IFτ (Ohms) (11) 
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Where, 

QS =  IF τ,  

W = I-region width,  

IF = Forward bias current, 

τ = Minority carrier lifetime 

μn = Electron mobility,  

μp = Hole mobility [3] 

 

2.2.2. Reversed Bias Equivalent Circuit 

 

For low frequency, the PIN diode behaves as an ordinary diode. At RF frequencies, the input 

signal will be reflected and other distortion occurs might occur. Near the cut-off operating 

frequency (fc), the diode starts to behave like a linear resistor with small nonlinear component. 

Because of this behaviour, the PIN diode equivalent circuit is depends on the frequency [4]. 

The design of PIN diode is complex for low frequency because low relaxation frequency 

requires very high resistive level for the I-layer. In attenuator applications, the dc bias currents 

usually do not change without changing the resistance value of the PIN diode. But large 

values of stored charge Q are required to control the RF signal at low frequency. The 

equivalent circuit of a PIN diode at low frequency is shown in Figure 5.  

  

Figure 5    PIN diode low frequency equivalent circuit [4] 
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In Figure 5 the following parameters are: 

Idc = Forward dc Bias current  

RS = Series resistance 

Rj = Junction resistance        
CP = Package capacitance 

LP = Package inductance 

For a typical n = 1.8 and at room temperature 

Rj           
Cj(v) = Junction capacitance which is a function of applied voltage 

 

At frequency near to fC,  the characteristics of the PIN diode depends upon the design of the 

device itself. It can possibly behave strongly inductive or strongly capacitive. In this 

frequency range, operation at normal bias level can create lots of distortion. 

 

At higher frequency than fC, it behaves like a pure linear controllable variable resistor whose 

value can be controlled by dc or low frequency control signal. A PIN diode for high frequency 

applications is usually designed to have low capacitance. In the OFF state condition, it 

required high reactance compared to the line impedance. The diode equivalent circuit at much 

higher frequency than fC is shown in Figure 6. Elements LP, CP and RS are the same as in 

Figure 5. One element, CI, is introduced here instead of Cj. This capacitance value can be 

obtained by adjusting the ratio of area to thickness of the diode. The value of this capacitance 

is determined by conventional bridge techniques and at low frequency when the I-layer is 

fully depleted by putting it into reverse biased over punch through voltage. Transient time and 

the relaxation frequency requirements are easily obtainable in the High frequency. RI is the 

effective resistance of the I-layer. Though it is shown variable here but it is actually constant 

respect to the RF signal. It is variable by dc or very low frequency control current [4].  
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Figure 6   High frequency equivalent circuit of the PIN diode [4] 

 

At high frequency, the time period of the signal is much smaller than the PIN diode’s minority 

carrier life time (τ). In such conditions, the PIN diode is reverse biased beyond punch through. 

For preventing the RF current passing through the PIN diode the reverse bias voltage should 

be large enough. If the PIN diode becomes heated, the reverse bias voltage should be 

increased for minimizing the effect. The break down voltage of the PIN diode should be large 

enough so that the RF voltage does not cause flow of the avalanche current [3]. 

 

2.3 Minority Carrier Life Time 
 

In a homogeneous semiconductor the minority carriers generate and recombine. The average 

time interval between this recombination and generation is defined by the volume or bulk life 

time. In the bulk silicon the carriers are constantly being generated thermally. This generation 

rate is a function of the ambient temperature of the silicon. A voltage source in the diode 

junction can introduce carriers. Bulk recombination and surface recombination are the two 

recombination process which determines the effective life time of the semiconductor device 

[3]. 

The carrier life time can also be approximated from the equation no (11): 

τ   W 2    μn + μp  If Rs   (12) 

Where, 

Rs = forward resistance for radio frequencies 

I f = forward current 

μn = electron mobility 
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μp = hole mobility 

τ = carrier lifetime [5] 

 

Figure 7   Forward current vs. series resistance for different MACOM PIN diodes [6] 

 

From a figure like Figure 7 it is possible to find forward current and series resistance for a 

particular PIN diode and by using equation 12 it is also possible to calculate the carrier 

lifetime.  

Carrier life time τ is not always constant. It decreases with forward current If. Because when 

there are more carriers available, recombination happens more. In active I-zone, τ decreases 

more because of gold atoms and border effects [5].  

 

2.4 Package Parasitics and Their Effect 
 

The PIN diode has finite dimensions. The parasitic reactance of the diode package and the 

resistance and capacitance of the diode junction affect the performance of the PIN diode in the 

“ON” and “OFF” state. For compensating these effects can be compensated by implementing 

the PIN diode’s equivalent circuit into the sub network design model [3]. This additional 

package reactance is introduced in the form of package inductance LP and CP. These elements 
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are shown in Figure 5. Some typical PIN diode packages (except Strip line-style 60) are 

shown below. 

 

Figure 8   Package outlines [4] 

 

The performance over a broad bandwidth generally suffers for these parasitic components 

when they are not “tuned out”. Such strictures have limited bandwidth. In some applications 

these elements can be “tuned out” by adding external reactance. It can be also utilized by 

forming a resonant circuit around the diode.  

 

In the low frequency the diode characteristics of different package is almost same. In higher 

frequency the glass and double stud diodes produce lower attenuation. The Stripline package 

behaves different then these packages because it has internal reactance elements which form a 

low pass filter with high frequency. That’s why it can be used for extremely wide band RF 

control circuits [4]. 
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 The Directional Coupler 3.

 

Passive components such as power dividers and couplers are extensively used at high 

frequency to implement signal power division and phase shift in different circuits. A coupler 

might be a three-port component or a four port component, called in this case a directional 

coupler. Many of these couplers can be implemented using stripline or microstrip 

transmission lines using planar technologies. The simplified symbol of a directional coupler is 

shown in Figure 9. 

One interesting applications of the directional coupler is power sampling, which means 

detecting a signal from a very little amount of the original signal. The coupler is used to check 

the properties of the original signal from the line flowing an RF signal without creating 

disturbance of the main signal. Signal information, its properties or power level can be easily 

detected and measured from the little amount of the detected power. In fact, instead of 

measuring signal properties or information, it is used to identify power.  

 

 

Figure 9   Coupler for power sampling 

 

Another important application of the coupling is as power divider. When large amount power 

is needed then it is possible to couple desired amount of power. The loss in the actual line is 

greater when it is coupled with power divider.     
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Figure 10   Directional coupler and ports’ definitions 

 

Power sampling and the power dividing have the same basic principle, but it is possible to 

divide them according to their application. The power level used in these two applications is 

different [7].  

 

Figure 10 shows the transmission principle of directional coupler and the port definition. 

Between two neighbouring lines there is an interval in form of a general waveguide 

characterized by power loss and phase shift, which determines the coupling amount of the 

directional coupler. An ideal directional coupler has two important properties. One is, the 

power into any port is coupled with the opposite two other ports but not with the adjacent 

port. And another one is all four ports should be matched with the system impedance, usually 

50 Ω. If the Pi  is the incident power, the isolated port’s power is Pd  and the Pc  is the coupled 

power in the coupled port. Then for characterizing a directional coupler we can use these 

definitions  

 

                                

                                    (14) 

                                   

We can also calculate the coupling coefficient (kc) for describing the coupling 

RF Input
2

3

1

4

Through

CoupledIsolated
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   √      √       (15) 

If the input port and output port is changed it doesn’t change the output properties of the 

directional coupler. Direction couplers are available in wave guide, coax and microstrip.  

 

3.1 90o Branch Line Coupler 
 

The normal line length and interval of a coupler is not good enough to produce large amount 

of power to the desired level for coupling. To resolve this problem, a branch line is introduced 

to the coupler to introduce more coupling power for power dividing. This type of coupler is 

known as Branch line coupler.  In Figure 11 we can see the difference between Directional 

coupler and Branch line coupler.  

 

Coupling is nothing but referring electromagnetic power transmission between two lines. 

Direct signal transmission is also can be included into this. It means, for power transmission 

between two lines which are connected through lines for transmitting power or to transmit by 

spatial jumping is not creating any difference in term of coupling. Direct connections by 

branch lines are only increasing the capacitance value. That means branch line coupler is not 

different then directional coupler [7]. 
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Figure 11  Directional and branch line couplers [7] 

 

The branch line coupler is symmetric about the centreline of the Figure 11. The trough line of 

the branch line coupler has the characteristic impedance Z0 but the branch lines has the 

characteristic impedance Z0/√2 and quarter wave length long [8].  

 

According to the phase shifts 3 dB branch line couplers can be divided in to two types. One is 

900 (quadrature) or 1800 couplers. 

 

For dividing couple having a coupling of 3dB, 900 branch line coupler is frequently used. 

High coupling can achieved very easily from this. The main advantage of branch line coupler 

is its simple design. At the same time the main disadvantage is large circuit. Narrower 

available frequency band is also a disadvantage. A branch line coupler properly operates in 

the 10% bandwidth of its main frequency [7]. 

If we want to represent the 900 branch line coupler then it will be, 
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        √  [                 ]    (16)  

 

The directivity is the key parameter of a branch line coupler. At fo, ideally directivity 

approaches to infinity. It defines with D34.      2    |   |    (17) 

 

 

Figure 12   Quadrature hybrid coupler with microstrip line 

 

By using even odd model analysis as Figure 13, we can derive the S- parameter representation 

(15). With an RF source VS  we are driving the port 1 of the hybrid and terminating the 

remaining ports by using characteristic line impedance Zo. We can write the source voltage at 

port 1 as the sum of an odd voltage (V1o) and even voltage (V1e). V1 = VS = V1o + V1e, where  

V1o = VS/2 and V1e = VS/2.  At port 4 we can create zero voltage by applying settings as V4 = 

0 = V4o + V4e, where V4o = -VS/2 and V4e = VS/2. 
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Figure 13   Even and odd mode equivalent circuits for a branch line coupler [8] 

The total transmission voltage in port 2 will be, 

                         (18) 

At the same way 

                        (19)                          (20) 
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The reflected signal at port 1 will be  

                        (21) 

Figure 13 is also can be expressed with a three-element model with either short or open-stub 

lines with an admittance of 

                                         (22) 

We can build the ABCD network with these three component circuit, 

{      }  [         ] [                                     ] [         ] {        }  (23) 

           [    ] {        } 

 

Here all the ports are matched into ZO and the そ/4 line element has the admittance of        ⁄   If we multiply these three matrices for converting the whole result into S- parameters 

and after doing some tedious computation, we got,   

                  ,                   and         [  岾    峇 ]          . If we put       √2 then we will get the same matrix of equation 15[9].  

 

The narrower bandwidth problem of branch line coupler can be overcome by adding 2 

branch-line coupler together. It works like broadband 3dB coupler. It is possible to expand 

bandwidth upto 25% of the main frequency by using multiple shapes. But at the same time it 

increases the size of the circuit also. 
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 Attenuator 4.

 

The decrease of signal power due to losses caused by different reasons in the propagation path 

it is known as attenuation. It can also occur in a controlled way. In this case, an attenuator is a 

passive resistive device which reduces the power of the signal without distorting the signal. It 

is just opposite of an amplifier. Circuits can get benefited from attenuation as sometimes the 

input signals can reach unwanted values resulting in wrong functionality of the entire system. 

At the same time, an attenuator when well-designed can improve the input match too.   

While adding attenuator in the circuit, two things need to be considered. One, it should not to 

be added on the amplifier’s input side, if the amplifier’s noise figure is an important 

parameter of the circuit. This is because every dB of attenuation on the input will increase the 

noise figure by the same amount at the output. Secondly, it should not be added on the power 

amplifier (PA) output without considering what effect it will occur at output power or what 

the RF output power of the power amplifier might do to the attenuator. 

Commonly, five different attenuator topologies are used in microwave circuits as shown in 

Figure 14. They are the tee, the pi, the bridged tee, the reflection attenuator and the balanced 

attenuator. In the tee, pi and bridged tee attenuator two different resistor value is used but the 

reflection and balanced attenuators required only one matched pair of resistors which allows 

the reflection and balanced attenuators to be used as variable attenuators. They could be 

controlled by a single control voltage or control current [10]. 

 

Figure 14   Five different types Attenuators [10] 
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Variable Attenuators 
 

By depending on some control variables, variable attenuators present variable attenuation. For 

adjusting the dynamic range in receivers or to change the output power in RF source, variable 

attenuators are an essential tool for high frequency equipment. They are far more different 

then fixed attenuators but have more similarity with switches.  

 

There are two different types of variable attenuators: 

 

 Continuous variable attenuators, which have one control current or voltage and gives 

attenuation within a specific range.  

 Step-controlled attenuators (SCAs), which are controlled by digital control words and 

give finite attenuation values. [11] 

 

Variable attenuators are made with solid-state elements, like PIN diodes or MESFETs. In 

PIN diodes the controlling element is current across the diode and in case of using FET, it 

is voltage. The RF resistance of the PIN diode or FET can be varied infinitely by 

changing the control current or voltage.   

The reflection or balanced attenuators are a good choice for variable attenuators as they 

need only one resistor value to be controlled. In these attenuators,  the quadrature coupler 

can be a microstrip Lange coupler or stripline broadside coupler. The voltage/ current 

characteristics of the diode should be matched because they will show the same 

impedance in the attenuator. From the instantaneous slope of its I-V curve it is possible to 

measure the resistance of the diode.  

Adding series bias resistors, with each of the diode could minimize the requirement of 

matching diode characteristics.  By adding quarter-wavelength spacing into the two 

diode’s leg of the balance attenuators it is possible to get more than double dB values of 

attenuation for a specific current/voltage. At high attenuation levels it is necessary to have 

good match on the load resistors of the quadrature couplers. The VSWRs of them have a 

secondary effect on the attenuation characteristics of the attenuator. [10] 
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 Switches and Attenuators Using PIN Diodes  5.
 

PIN diode configurations are very important for switches and attenuators. Some of them are 

very simple to implement and some of them provides more attenuation or isolation than a 

single diode circuit. According to the connection these configurations have different names 

which are given bellow.    

 

5.1 Series and Parallel Configurations  
 

Two simplest configurations for attenuator is series or parallel. In the series connection, the 

RF resistance of the PIN diode is decreased by increasing forward current, which caused 

attenuation. On the other hand, shunt configuration produce the opposite result. The circuit 

acts like a switch if the control bias voltage switched between high and low values. When the 

switch is “OFF” then the attenuation provided is known as Isolation (I.S) and in the “ON” 

state it is known as Insertion Loss (I.L). 

 

Figure 15   Series PIN RF attenuator or switch [4] 
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.  

Figure 16   Shunt PIN RF attenuator or switch [4] 

If the diode is assumed like a pure resistor then the attenuation for both configurations is,            2    岾       峇    (13) 

         2    岾       峇    (14) 

Where,  

Z0 = RG= RL Circuit, Generator and Load resistance. 

RI = PIN diode RF resistance at a fixed bias current [4] 

 

5.2 Multiple Configuration of the PIN Diode  
 

Multiple diode circuits using series, parallel or series parallel configuration provides more 

attenuation or isolation than a single diode circuit. Maximum 6 dB attenuation increment is 

possible by using a simple parallel or series configuration of two diodes. It also increases the 

insertion loss. Some examples are shown in Figure 17 bellow. 

 

Figure 17   Multiple diode circuits [4] 
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Just like the Figure 17(b) if the n diodes are placed quarter wave length intervals, it will 

produce n times increment of attenuation then a single diode. ¼ wave-length (そ/4) cancel out 

the reactance, which is produced by the parasitic components. If the insertion loss produced 

due to parasitic elements then it can be reduced by this ¼ wave-length (そ/4) spacing. Shunt-

series connection like Figure 17(c) can provide higher isolation than the sum of that obtained 

from a single series and a single shunt diode may be provide [4]. 

 

5.3 Hybrid Configuration of the PIN Diode  
 

Constant impedance switches and attenuators provide low reflection coefficients at the RF 

ports. They are very useful for some RF systems instead of reflective switches. Some constant 

impedance attenuators are shown below. 

 

 

Figure 18   Constant Impedance PIN diode Attenuators [4] 

 

Hybrid coupled attenuator and double hybrid coupled attenuator reflects the power into 

different RF ports. In these models the couplers are placed between the RF ports and the PIN 

diodes. Their properties keep the constant impedance characteristics for the attenuators. In 

single hybrid coupled attenuator the 3 dB, 90o coupler divides the incident power equally 

between ports B and C. The PIN diodes are placed parallel with the load resistance. The 

mismatch produced by the PIN diodes reflects the part of the power. This reflected power 

combined and exit through port D. Here the port A is isolated and matched with the RF input. 

The directivity of the coupler and the quality of termination at port B and C controls the 

attenuation level when the diodes are unbiased. These hybrid attenuators are very useful over 
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a wide frequency range but it produces a considerable ripple at high attenuation state because 

of hybrid directivity. 

 

Double hybrid couple attenuator eliminates the ripple in the high attenuation state of the 

single hybrid coupled attenuators. They provide the independency of attenuation on hybrid 

directivity. It also eliminates the dependency from variation with frequency [4].    
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 PIN Diode Specifications According to Assembly and 6.
Selection 

 

Switch, limiters, Phase shifters, Analog or Digital Attenutors required specific type of PIN 

diodes. Different switch control circuit requires different diode specifications. For a circuit 

designer it is very important to relate his microwave specifications with Insersion loss, 

operating power, power dissipation, DC power consumption, VSWR, Input IP3, Isolation and 

others. That’s why he need to understand the effect of different diode parameters like Vb,,Vf,, 

Ct, τ L, Rs, θ and so on.  

 

Just not only that. With the diode specifications, package parasites plays an important role in 

the circuit design. Package capacitance, dimension, package inductance, electrical resistance 

and thermal inductance are crucial parameters for designing a circuit for specific frequency 

bandwidth and maximum incident power [12].  

 

The selection of diode is vastly depend on manufacturing methodology. Chip, Flip chip, 

Surface mount or Beam lead PIN diodes comes with different size and dimension. Wide range 

of PIN diodes with different manufacturing methodology gives considerable flexibility 

according to their need, to the designer.   

 

6.1 Chip and Wire Hybrid Assembly 
 
  

According to the chip & wire hybrid assembly manufacturing style the PIN diode packaging 

can be divided into 3 different types.  They are given bellow, 

 

 Chip PIN diodes 
In Chip PIN diodes the diode chip are bonded into sealed ceramic packages. It is mainly 

designed for imposing rigorous standards of performance in electrical and environmental 

situations. This chip is passivated from silicon dioxide or Nitride. The main goal for 
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manufacturing this type of PIN diode is to give long term reliability and compact uniformity 

in electrical performance. The main feature of chip PIN diode is it’s low series resistance. 

 

The type is best suitable for low power switching applications such as duplexers, amplitude 

and pulse modulator, limiters, attenuators, phase shifters, etc [13]. 

 

Figure 19   Chip PIN diode [12] 

 

 

Figure 20   Chip PIN diode outline [13] 

 

 GaAs Flip-Chip PIN Diodes 
The Gallium Arsenide Flip-Chip PIN diodes are fabricated on OMCVD epitaxial wafers. 

These devices are compatible with high device uniformity and provide extremely low 

parasitics. They have very low series resistance and ultra-low capacitance. The cut-off 

frequency for switching operation is very high (near to 40 GHz). They offer fast switching 
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speed (near to 2 nanosecond). They are Silicon Nitride passivated and have polymide scratch 

protection.  

 

For having low capacitance, this device is good for mm wave switch and switched phase 

shifters. In pulsed or CW application this diode can also be used because it has a fast 

switching speed. For surface mount assembly it is also usable in RF multi-through switch 

assemblies [14]. 

 

 

Figure 21   GaAs FlipChip PIN diode [12] 

 

Figure 22   GaAs Flip Chip PIN diode outline [14] 
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 Beam lead PIN Diode 
The beam lead PIN diode is manufactured for high frequency use.  It produce excellent 

electrical performance at high frequencies. It also provides high isolation because of it’s 

extremely low capacitance. At the same time it’s high beam strength gives better assembly 

yield to the designer. They are Silicon Nitride passivated and have polymide scratch 

protection. 

 

Mainly the Beam lead PIN diode are manufactured to use in microstip circuits or stripline. 

They are excellent for phase shifting, attenuator, switching and limiting applications [15]. 

 

Figure 23   Lead Beam PIN diode [12] 

 

Figure 24   Lead Beam PIN diode outline [15] 
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6.2 Surface Mount Assembly 
 
The According to the surface mount assembly manufacturing style the PIN diode packaging 
can be divided into 3 more different types.  They are:  
 

 Surmount RF PIN Diodes 
This diode has two silicon pedestals embedded in a low loss glass. The diode placed on top of 

one pedestal. The device has connection in the back side also. The pedestal side walls are 

conductive. For selective backside metallization this type of PIN diode is known as surface 

mount device. Silicon nitride and polymer layer is for protection from additional scratch. At 

the time of handling and assembly, these layers give protection to the diode from damage to 

the junction  [16].  

 

The general purpose of  this kind of PIN diode is for two types of operations. One is for 

attenuators. In the attenuators current consumption is most important. For that reason this PIN 

diode is suitable for this kind of operation. Another application is in switches because it has 

series of diodes and low capacitance. This type of diode gives guaranteed performance. They 

are very low in Time (FIT) rate failure [17]. 

 

 

Figure 25   Surface Mount RF PIN Diodes [12] 

 

 MELF & HIPAX PIN Diodes 
For high power handling and for low distortion or less this type of PIN diodes are ideal. The 

chip of this PIN diode is passivated for low reverse bias leakage current. This device has a 

thick I region and long carrier time. They are offered by the manufacturer with various 

packages and chip form. Non-magnetic packages are available for MRI. HIPAX (axial 
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leaded) or Metal Electrode Leadless Faced (MELF) surface mount packages have low theta 

(θ). They come with leadless low inductance MEIF packages. They are fully RoHS 

compliant. They are very easy to use or assembly.  

 

These diodes can be used in different kind of switch and attenuator applications from high 

frequencies to ultra-high frequencies. predictable and repeatable performances are an 

important feature of this type of PIN diodes [18]. 

 

Figure 26   MELF & HIPAX PIN Diodes PIN diode [12] 

 

 Plastic PIN Diodes 
This is a low capacitance, low resistance, low loss Switch PIN diode. Which offers high 

isolation for switch, Low distortion for Attenuators. It is a fast switching diode with single 

and dual diode configuration. It provides highest isolation in Series and Series-Shunt switches 

through 3 GHz frequency. It has longer intrinsic layers to give better distortion performance 

to the designer for attenuator design [13].  

 

Figure 27   Plastic PIN diode [12] 
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6.3 The Decision Process for PIN Diode Selection for 
Microwave Attenuator/Switch Design 

 

Choosing an appropriate PIN diode from a large collection of vendor data is a difficult task. 

The operation frequency and RF power handling margins are usually design specifications 

and the selection process largely starts with these parameters. Then, select the type PIN diode 

in terms of packaging. It can be for example a GaAs flip-chip or a surface mount PIN diode. 

Table 1 gives an indication in this sense determine the attenuator/switch design, according to 

the specification which satisfies the particular PIN diode. 

 

Table 1: Relative circuit performance and design evaluation [12] 

Parameter Switch/Attenuator Design Configuration 
Series Diodes Exclusive Shunt Diodes Exclusive Series-Shunt Diodes 

Insertion loss Worst Moderate Best 
VSWR Moderate  Best 
Isolation Worst Moderate Best 
P1dB Moderate Moderate Moderate 
Input IP3 Moderate Moderate Moderate 
RF incident Power Worst Best Moderate 
RF Power Dissipation Worst Best Moderate 
Switching Speed Worst Best Moderate 
D.C. Power consumption Best (Single +5 V) Moderate (+5V, -5V) Worst(+5V, -5V) 
PIN diode Driver Design 
Simplicity 

Best (+5V, -5V) Moderate (+5V, -5V) Moderate (+5V, -5V) 

RF Design Simplicity Best Worst Moderate 
Cost Best Moderate Moderate 

 

From the Table 2, select the type of PIN diode which suits the circuits most [12]. 

Table 2: Relative PIN diode performance evaluation [12] 
 

Key Parameter Surface Mount Assembly Chip & Wire 
Plastic MELF or 

HiPax 
Surmount Cerma Chip Flip Chip Beam Lead 

1 MHz < f < 1 GHz  Best selection     
100 MHz <f < 4 GHz Best 

selection 
     

4 GHz < f < 20 GHz   Best selection    
20 GHz < f< 60 GHz     Best selection Best selection 
100 MHz < f < 20 GHz    Best selection   
Pinc < 0.1W      Best selection 
0.1 W < Pinc < 20 W Best 

selection 
   Best selection  

1 W < Pinc < 20 W   Best selection    
20 W < Pinc < 200 W  Best selection  Best selection   
Relative Cost Index Lowest Moderate/ 

Highest 
Moderate/ 
Highest 

Lowest Moderate Highest 

  



46 
 

 Design and Simulations of UWB Variable Attenuators  7.

 

Variable attenuator specifications are, 

 Carrier frequency: 7.5 GHz 

 Bandwidth 500 Mbit/s 

For designing variable attenuators with these specfications, the HPND-4005 beam lead PIN 

diode from Avagotech and MA4P202 Chip PIN diode from MaCom were at first chosen. 

These PIN diodes have a low junction capacitance.  

The different PIN diode parameters are listed as follows:  

 

 V j = 0.3 V to 0.6 V 

 Is = 1.0e-14 A to 1.0e-15 A 

 Cjo = 1.0e-13 F to 1.0e-20 F 

 Ibv = 1.0e-5 V 

 ɲ = 0.5 

 

where  Is is reverse saturation current, zero-bias junction capacitance is Cjo,   emission 

coefficient is ɲ, junction potential is Vj, current at breakdown voltage is Ibv.  

 

All the designs were made in the schematic level by using ADS software.  
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7.1 Substrate 
 

The used substrate for the design is Roger 4350B with the specification as given in Table 3. 

Table 3 Roger Substrate specification 

Property Value 
Substrate thickness (H) 0.254 mm 

Relative dielectric constant (εr) 3.45 

Relative permeability (εr) 1 

Conductor conductivity (Cond.) 5.8e+7 

Cover height (Hu) 1.0e+33 mm 

Conductor thickness (T) 0.035 mm 

Dielectric loss tangent (tanD) 0.0037 

Conductor surface roughness (Rough) 0.001 mm 
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7.2 900 Branch Line Directional Coupler 
 
 

In branch-line coupler the coupled ports are connected to opened load stubs. That’s why the 

isolated port of the coupler is taken as a output node and the two input- two output signal 

paths are generated so that the bandpass transfer functions can easily achieved.  

 

By using ADS the 900 Branch Line Directional Coupler has been designed. The through and 

coupled arms are designed by using the line calculator tool from the software and all 

necessary parameters of the substrate has been given to it for exact result. For designing the 

arms a そ/4 wavelength is taken on a 50 Ω network.  Figure 28 shows a schematic diagram of 

900 Branch Line Directional Coupler and the output results of this coupler is shown in Figure 

26.  

 

 

 
Figure 28   Schematic of 900 Branch line directional coupler 
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Figure 29   Simulation results of 900 Branch line directional coupler at 7.5 GHz center frequency 

 

7.3 Design with HPND-4005 Beam Lead PIN Diode 
 

Here we have tried to build 4 different kinds of attenuator by using HPND-4005 PIN diode 

and how the design process move forward.   

7.3.1 HPND-4005 Beam Lead PIN Diode 
 

In the data sheet of this PIN diode no Spice model is given. That’s why the designer has to  

build an equivalent model from the provided data by the manufacturer for further simulations.  

 

Table 4 The electrical specifications at TA = 250C [15] 

Part 
Number 

Breakdown 
Voltage 
VBR(V) 

Series 
Resistance 
Rs(Ω)[5] 

Capacitance CT 
(pF)[1,2] 

Forward 
Voltage VF 
(V) 

Reverse 
Current IR 
(nA) 

Minority 
Carrier 
Lifetime τ 
(ns)[5] 

HPND- Min. Typ. Typ. Max. Typ. Max Max. Max. Min. Typ. 

4005 100 120 4.7 6.5 0.017 0.02 1.0 100 50 100 
Test 
conditions 

IR = 10 µA IF = 20 mA 
f = 100 MHz 

VR = 10 V 
f = 10 GHz 

IF = 20 mA 
 

VR = 30 V 
 

IF = 10 mA 
IR = 6 mA 
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Notes: 

1.Total capacitance calculated from measured isolation value in a series configuration. 

2. Test performed on packaged samples. 

 

For building an equivalent model of a PIN diode, the RF resistance vs. forward bias current 

characteristic is the most important sore of information. This characteristic will provide the 

relation between the variable resistance of the equivalent circuit of the PIN diode and the 

current change. In the datasheet of HPND-4005 PIN diode the relationship between the RF 

resistance vs Forward bias current is given which is showed in Figure 28(a). Here it is clear 

that the variable RF resistance is actually non-linear but from the forward bias current 

0.01mA to 5.7mA, it is almost linear. So, it is possible to assume it as a straight line and after 

solving the line equation from the graph of RF resistance vs Forward bias current, the relation 

between variable resistance and current become Rj = 29.4585*I^-0.6146. By using the 

MATLAB software this relation of Rj  is reconstructed and showed in Figure 28(b). 

 

 

  

          (a)                                                           (b) 

Figure 30   (a)   RF resistance vs forward bias current from the data sheet of HPND-4005, (b)   
reconstruction of the RF resistance vs.fForward bias current from the equation. 
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In high frequency the PIN diode behaves like a variable resistor across a capacitor. By using 

the equation of Rj, which is achieved from Figure 30(a) in ADS we have created a variable 

resistor and put it across a capacitor C of 0.017 pF which is achieved from the Table 4. This 

high frequency equivalent model is used for the HPND-4005beam lead PIN diode throughout 

this project.  

 

Figure 31   HPND-4005 beam lead PIN diode high frequency equivalent model 

 

7.3.2 Series PIN Attenuator with HPND-4005  
 
 

Series PIN attenuator is one of the most simple attenuators. For the schematic design, the 

terminal 2 is used as a output node and Terminal 1 is used as a input node for the signal. A 

DC block is used so that the biasing signal cannot go back to the source and flow fully 

through the PIN diode.  
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Figure 32   Schematic of series attenuator with PIN diode HPND-4005 

 

From Figure 33 it can be seen that the attenuation is changing accordingly to the input current. 

At the output port -0.757 dB attenuation is achieved when the input current is 22 mA and -15 

dB attenuation is received at the input current is 0.01 mA.  

 

Figure 33   Simulation results for the of series attenuator with PIN diode HPND-4005 
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7.3.3 Shunt PIN Attenuator with HPND-4005  
 

Shunt attenuator using PIN diodes is the second topology for attenuators considered in this 

work and shown in Figure 34. The DC current is used to bias the PIN diode.  

 

Figure 34   Schematic of shunt attenuator with PIN diode HPND-4005 

 

Simulation results shown in Figure 35 indicate an attenuation changing according to input 

current and it is more efficiently changing than the series PIN attenuator. -0.423 dB 

attenuation is received when the input current is 0.01 mA and -11 dB attenuation is resulting 

at the input current of 22 mA.  
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Figure 35   Simulation results of shunt attenuator with PIN HPND-4005- 

 

7.3.4 Single Hybrid PIN Attenuator with HPND-4005 
 

Here a 900 branch line directional coupler is used for designing the single hybrid PIN 

attenuator. HPND-4005 PIN diode has been used for this schematic diagram on ADS.   

 

Figure 36   Schematic of Single Hybrid PIN Attenuator with HPND-4005 
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The output results are shown in Figure 37. The attenuation is changing according to input 

current. At the output port, -9 dB attenuation is obtained when the input current is 0.01 mA 

and -3.5 dB attenuation is received while the input current is 22 mA.  

 

Figure 37   Simulation results of single hybrid attenuator with PIN HPND-4005 

 

7.3.5 Double Hybrid PIN Attenuator with HPND-4005 
 

Here two 900 branch line directional couplers are used for implementing the double hybrid 

PIN attenuator. One coupler is used at the input side and one is used at the output side. Like in 

previous designs, 0.01 mA to 22 mA current is used as the input current.  
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Figure 38    Schematic of double hybrid attenuator with PIN diode HPND-4005 

 

At the output, more smooth attenuation over the frequency band is obtained than in the case of 

the single hybrid PIN attenuator as shown in Figure 39. At the output port, -0.9 dB attenuation 

is obtained when the input current is 0.01 mA and -12.185 dB attenuation for the input current 

of 22 mA. Figure 40 shows the transmission coefficients S21, S31 and S41 are shown. 

 

Figure 39   Simulation results of double hybrid attenuator with PIN diode HPND-4005 
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Figure 40   Simulation results: Transmission coefficients of double hybrid attenuator with PIN diode 
HPND-4005 

 

7.4 Design with MaCom MA4P202 PIN Diode 
 

In this Section, the four attenuator topologies as presented in previous Sections are 

implemented using a different PIN diode, MaCom MA4P202.  

 

7.4.1 MaCom MA4P202 PIN Diode 
 

By using the same procedure as HPND-4005 beam lead PIN diode, it is possible to make an 

equivalent model of MA4P202 PIN diode from the data sheet provided by the manufacturer 

MACOM. This PIN diode is available in chip form. 

 

Figure 41   MA4P202 PIN diode high frequency equivalent model 
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7.4.2 Series PIN Attenuator with MA4P202 
 

Just like series PIN attenuator with HPND-4005, here a series PIN attenuator has been 

implemented with MA4P202. The schematic diagram is shown in Figure 42.  

 

 

Figure 42   Schematic of series attenuator diode PIN MA4P202 

 

In Figure 43 we can see the forward transmission coefficient is changing according to input 

current as in the case presented in Figure 33. At the output port, -0.096 dB attenuation is 

obtained when the input current is 22 mA and -13 dB attenuation is resultring when the input 

current is 0.01 mA.  
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Figure 43   Simulation results of series attenuator with PIN diode MA4P202 

 

7.4.3 Shunt PIN Attenuator with MA4P202 
 

The shunt PIN attenuator was implemented here with the MA4P202 PIN diode. The biasing 

current is 0.1 mA.  

 

Figure 44   Schematic of the shunt attenuator with MA4P202 PIN diode.  
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Very efficient results has been found on shunt PIN attenuator with MA4P202 compared to 

series PIN attenuator with MA4P202 . As biasing current, 0.1 mA current was used. At the 

output port -27.437 dB attenuation was obtained when the input current is 22 mA and -0.123 

dB attenuation for the input current of 0.01 mA.  

 

Figure 45   Simulation results for shunt attenuator with PIN diode MA4P202 

 

7.4.4 Single Hybrid PIN Attenuator with MA4P202 
 
 

Just like Figure 36 same design, same coupler, substrate, same s-parameters and parameter 

sweep but with different PIN-diode has been used. The same biasing current also used.  
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Figure 46  Schematic of the single hybrid attenuator with PIN diode MA4P202 

 

The results obtained in this case are close to those presented in Figure 37. Almost -1dB 

attenuation for biasing current of 22mA is obtained and for a current of 0.01mA, it results an -

7.4 dB attenuation. Moreover, better behaviour within the frequency band and better control 

of the attenuation for maximum and minimum biasing currents is obtained.   
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Figure 47   Simulation results for the single hybrid attenuator with PIN diode MA4P202 

7.4.5 Double Hybrid PIN Attenuator with MA4P202 
 
 

The same design like Figure 38 is used for designing the double hybrid PIN attenuator with 

MA4P202 PIN diode.  

 

 

Figure 48   Schematic of the double hybrid attenuator with PIN diode MA4P202  
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Better results with this PIN diode than HPND-4005 PIN diode were obtained. They show 

more than 28 dB variation. For biasing current 0.01 mA, -0.664 dB attenuation and for 22mA 

-28.536 dB attenuation were obtained at the output.  

 

Figure 49   Simulation results of double hybrid attenuator with PIN dsiode MA4P202 

 

 

Figure 50   Simulation results: Transmission coefficients for the double hybrid attenuator with PIN 
diode MA4P202 
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 Results 8.

 

Series and shunt attenuators are the relatively simple configurations for attenuators. From 

Figures 31 and 40 it can be seen that in series configuration, the RF resistance is changing 

according to forward bias current. Hence, the circuit provides different attenuations levels for 

different bias current at regular interval. 

 

In the shunt attenuator, the circuit should act like a switch. Figure 33 and 42 showing due to 

change of biasing current the attenuation is changing but not like the series configuration. It is 

almost acting like a switch between the high and low values.  

 

These circuits normally offers narrow band attenuation but for broader band attenuation 

different types of couplers are used in the circuits. Here the 900 directional branch line coupler 

is used.   

 

Single hybrid couple attenuator provide a broadband attenuation and Double hybrid couple 

attenuator eliminates the ripple in the high attenuation state of the single hybrid coupled 

attenuators. In Figure 35 and Figure 44 the single hybrid attenuator is giving attenuation with 

the ripple but in Figure 37(a) and Figure 46(a) they both providing ripple free attenuation. 

They also providing the independency of attenuation and eliminating the dependency from 

variation with frequency but from the figure it is clear that  MA4P202 PIN diode from 

MACOM is providing the best results for double hybrid attenuator.  

 

The MA4P202 PIN diode from MACOM is in chip form and too small to shoulder in the PCB 

board but HPND-4005 PIN diode from Avagotech is possible for shouldering in the PCB 

circuit board and best option in this scenario.   
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 Conclusion and Future Work 9.
 

9.1 Conclusion  
 

The goal of this project was to build a research paper for those who wants to work with PIN 

diode in their RF design which is discussed here. Different kind of PIN diode is also discussed 

and how to choose an appropriate one among lots of choice is also given which will help a 

designer to take the decision what to choose and how to choose.  

 

The different parameters and the package are the main key to choose proper PIN diode. Even 

a PIN diode with proper parameters don’t give a desired result because of its package 

parasites. Sometimes it is really difficult to design with PIN diodes because the parameters on 

the data sheet are not that much available like Schottky diode and the understanding of what 

the designer wants is the key for selecting a proper PIN diode. 

 

Five kind of attenuator is designed with two different kind of PIN diodes and the results is 

also discussed later.   

 

Some conclusions can be drawn from this project and those are the following. Collecting the 

information about particular PIN diode is not an easy task for any RF designer because the 

information provided by vendor companies is insufficient or not friendly for further practical 

use. Package parasitic information remain the core of the problem specialy when applications 

operating over a broad band. For a successful design and shouldering the specifications, the 

PIN diode package type plays a crucial role along with the accuracy of the manufacturing 

capabilities.  

 

9.2 Future Work 
 

Future work could be the implementation and testing of variable attenuators using different 

PIN diodes from different manufacturers to see how they behave in reality and compare the 

design expectation with the measured results. This project was only focusing on the ground 
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work in the field of variable attenuators using PIN diodes at high frequency and with broad 

frequency bandwidth. It introduces a less investigated category of RF circuits and their 

design, e.g., the existing topology options, the design methodology including diode selection 

and simulation set-ups. 
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