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ABSTRACT 

The objective of this project is to design a power amplifier for a new two way mobile 

radio product being launched by Motorola. Two-way mobile radio consists of a 

transmitter, receiver and a voltage-controlled oscillator. Mobile radios usually have 

transmitter whose power output ranges from 1 W to 50 W. Design of transmitter line­

up for mobile radio involves the design of appropriate matching network for driver 

and power amplifier. The power and voltage control of these devices are equally 

important. Designing a mobile radio transmitter is regarded tricky due to difficulty in 

getting a robust transmitter that is stable with minimum oscillation. 

In this work, the design is attempted usmg Advanced Design Simulator 

(ADS). The design simulation provides accurate simulation on harmonic filter and 

antenna switch. 50 ohm matching networks have also been designed and simulated 

using ADS and it gives close approximation to the specifications. The radio has since 

been prototyped and tested. The evaluation and testing of the radio has been carried 

out and it satisfies the specifications that are set by the Telecommunication Industry 

Association (TIA). Some minor optimization has also been performed to improve the 

radio performance. Eventual product is a transmitter line up that function well today. 
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CHAPTER! 

INTRODUCTION 

1.1 Background 

Mobile radio is the wireless two-way radio being used widely in public transport and 

commercial sector. It is mostly installed in vehicles. It utilizes the supply from the car 

battery. Mobile two-way radio is a half-duplex radio where it allows transmission in 

one direction at one time. The radio circuitry consists of four major sections. They are 

transmitter, receiver, function generating unit and antenna switch. The transmitter of 

the mobile radio is usually designed to cater high level of power transmission due to 

the need for long distance of transmission. The power level of mobile radio ranges 

from 25W to 40W. The main function of the transmitter is to amplify the input audio 

signal and radiate the signal to space through the antenna. During amplification 

through stages, the noise and small sjgnal will be amplified as well. Meanwhile, the 

harmonics generated by the power af11plifier needs to be taken care of. Harmonics 

could produce spurious problem duriJ:Ig transmission. Improper matching network in 

transmitter stage could create the so-called oscillation that may cause instability to the 

system. 

Two-way radio consists of four main portions, namely, transmitter, antenna switch, 

receiver and function generating unit (FGU). The latter two portions have been 

completed by the engineers in Motorola, Penang. The transmitter design in this 

project covers the transmitter and antenna switch/harmonic filter. This is a project in 

collaboration with Motorola, Penang. Meanwhile, it has helped to develop a two-way 

radio in this new range of frequency 
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This final year project (FYP) is a two semester project where the first semester was 

focused on the simulation of the line up, power and voltage control simulation using 

Advanced Design Simulator software. The work of second semester mainly revolved 

around on board measurement, prototyping of the two way radio and testing and 

evaluations of the prototyped radios. Optimization and some troubleshooting skills 

were acquired in this project as well. 

1.2 Problem Statement 

Very High Frequency (VHF) 216 MHz - 247MHz is a relatively new band of 

frequency being studied in Entry Level Mobile (ELM) team, Motorola Penang. The 

future mobile radio based on this frequency band needs to be designed in order to 

accommodate the demand of users. Since it is a relatively new band, the design of the 

circuitry the radio needs to be studied in order to benchmark the radio architecture. 

The current VHF band and UHF band radio can be used as reference in the design. 

The transmitter line up is one of the major radio circuitry. Throughout the design, a 

number of design parameters specifications need to be met in order to achieve the 

design objective. Transmitter design was conventionally designed by using hands on 

practical on the current radio board. Upon done with feasibility study, they will 

decide on the radio topology to be used. Then they will perform tweaking on the 

transmitter line up in order to achieve the goals of power and current. However, this 

method may not yield the desired result as luck and experience plays the important 

role here. Due to inconsistency in this method, simulation using ADS software was 

much desirable. En route to design the transmitter for this band, ADS simulation was 

extensively used. Successful ADS simulation on transmitter line up may be helpful in 

the design of radio of other bands. 

In practice, the simulation result has discrepancy with the actual on board 

measurement. ADS software is considered as one of world most powerful RF design 

software. However, the simulation result still carries certain extent of difference 

compared with actual on board result. Due to this reason, we faced a problem after 

the radio has been prototyped. The response of the radio is not as encouraging as 

expected from ADS. This prompted to a optimization to fine tune the radio. 
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On top of that, in real life, the component has tolerance to certain limit. Since the line 

up consists of a number of RLC, the tolerance of each component contributed to the 

overall discrepancy that we can see from the ADS simulation and on board result. 

This is one of the challenges we faced in the design as ADS result can only serve as 

starting approximation. 

The performance of the radio is a subjective issue as different people define the 

output quality differently from one person from the other. With the TIA 

specifications, the performance of the radio can be evaluated in an objective manner. 

This leads to a series of testing and evaluation. The result has been compared with the 

specifications and analyzed. Learning and practicing these testing methods and 

understand the significance of each is another challenge in this project. 

ADS provide powerful simulation in impedance matching. However, the theory 

behind impedance matching is not well understood. Thus, this prompted to a detailed 

study on impedance matching. This study is practically helpful in understanding what 

matching is and how it is done. 

Meanwhile, the absence of the Power Amplifier (P A) model in the simulation 

software prompted an interest in the modeling of the device in order to achieve a 

better simulation result by using ADS. Modeling of a power amplifier requires a great 

deal of effort on understanding the device parameters and its characteristic. 

Meanwhile, the current model that exists in ADS is reviewed as well in order to know 

the kind of model they use in ADS. 
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1.3 Objectives and Scope of Study 

The objectives of the project are as followed. 

• To design a transmitter chain 

v that provides a 25W power with a 13.8V with a current goal of< 6.5A 

and meet the 0.25uW of radiated and conducted spur emission up to lGHz 

and 2.5uW level up to 4GHz. 

v That operates through +80 deg C to -40 deg C at operating supplies of 

10.88V to 16.32V with a power leveling specification of -3dB +2dB. 

v That is unconditionally stable to a load mismatch of Voltage Standing 

Wave Ratio (VSWR) of 4:1 over voltage and temperature extremes 

v That does not exceed the die temperature limit and the whole system not 

allowed to exceed the safety temperature limits when test through a 7+ 1 

hour EIA Key down test 

• To prototype the 220MHz range two-way radio 

• To evaluate and test the performance on the transmitter of the radio 

• To optimization and improve the performance of transmitter 

The main scope of this project is on the mobile RF two way radio transmitter lines up 

design and configuration. The scopes may involve several perspectives below. 

>- RF analogue communication design 

>- Utilization of Advanced Design System software in RF design 

>- Simulation and hand on practical on transmitter line up design 

>- RF testing and evaluation 

>- LDMOSFET modeling study 

>- Linearization study 
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CHAPTER2 

LITERATURE REVIEW 

2.1 Two Way Radio System and Operation 

The radio being designed for this project is a two way mobile type of radio where the 

transmit power can go up to 25W. This radio is mainly built to cater the need from 

commercial consumers like the transport industry, manufacturing and construction 

sectors. With the high power capability, it could transmit and receive a signal at the 

distance of radius up to 5kms. 

Figure 1 Two Way Mobile Radio 

Two-way radio communication can be divided into analog and digital radio. The 

choice of the radio is largely dependent on the use of the consumers, the facilities that 

are available and the cost. The project here is design of a mobile radio which is from 

the family of analog radio. The use of digital signal processor is the key to 

differentiate the radio family, analog or digital. In this two-way mobile radio, it uses 

mainly the analog signal processor to process the signal. The digital signal processor 

is not used. The major components in the circuitry are RLC (resistor, inductor and 

capacitor). 
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2.1.1 Two way radio System 

The two way radio uses frequency modulation scheme to carry the signal and radiate 

to a certain distance away. The carrier generated by the function generating unit was 

frequency modulated with the signal received from the users. The signal propagation 

is of type line of sight transmission like the figure shown below. 

si!!nal received 

EARTH 

si!!nal not received 

EARTH 41 
Figure 2 Line of Sight Propagation. 

The range of transmission is mainly dependent on the power of transmission and the 

frequency of transmission. The signal received and transmitted is dependent on the 

surrounding condition and the frequency of operation. The rules of thumb of choice 

of frequency are as below. 

)>- As the frequency increases, range decreases but so does the ambient 

nmse 

)>- Reflections from buildings increases with frequency 

The relationship of frequency and the operation Excellencies can be seen from the 

table 1. 
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LOW BAND VHF UHF 800MHz 

Interference Severe Minimum None None 

Antennas Long Short Short Short 

Gain Low High High High 

Rural Range Excellent Good Fair Fair 

Suburban R~e Good Excellent Good Fair 

Urban Range Poor Good Excellent Excellent 

Table 1 Relationship of frequency and operation 

Two-way radio communication can be one of three modes as listed below. 

~ Unit to unit 

~ Dispatch mode 

~ Repeater 

Unit-to-Unit 

1 

Unit-to-All 

Receive Freq tfr!' F.,_........... 
~-- _ Transmit Freq F2 

Transmit Freqtfrl ~ .• :. :. :. . . . _ 

Roooooo F'~J . ; : :: : ; ill>:~~~~;~: ~yste~;: :: :: : : : 
Fixed Console 

-
.J Tr,.nsrnit Freq ~ 
• Receive Fraq ~ 

Mobile A 

Transmit Freq~ 
Receive Freq ~ 

Mobile B 

Figure 3 Mode of transmission 
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2.2 Mobile Two-way radio transmitter 

Upon research and literature performed, there are several criteria that the transmitter 

of design needs to achieve. The transmitter chain needs to provide a 25W power with 

a 13.8V with a current goal of< 6.5A. This transmitter chain will be required to 

operate through +80 deg C to -40 deg C at operating supplies of I 0.88V to 16.32V 

with a power leveling specification of -3dB +2dB. The transmitter will also need to 

be unconditionally stable to a load mismatch of VSWR=4:1 over voltage and 

temperature extremes. The P A will not be allowed to exceed its die temperature and 

the whole system not allowed to exceed the safety temperature limits when test 

through a 2+ 1 hour EIA Key down test. The safety feature to be incorporated must be 

activated and the need to ensure that the temperature cutback is operating when the 

excessive temperature is pick up. The transmitter will need to meet the 0.25u W 

radiated and conducted emission up to lGHz and 2.5uW level up to 4 GHz. 

The literature material showed that the transmitter line up for this VHF (216MHz to 

247 MHz) band transmitter could be up banded from radio design of 146MHz to 

174MHZ range. The topology could be used as reference in designing this VHF radio 

transmitter line up. The transmitter line up consists of three main amplification stages, 

namely pre driver, driver and power amplifier stage. In designing this line up, the 

input/output matching play critical role in order to achieve the criteria as stated in the 

pervious pages. 

Upon reviewing the RF design materials, the architecture and various topologies of 

the mobile radio were learnt. The basic architecture of the radio was shown in the 

figure 4 below. 

Figure 4 Mobile radio architecture 
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The transmitter line up consists of the 3 amplification stages: predriver, driver and 

power amplifier. The signal passes through these stages and gets amplified before it 

radiates out through antenna. The block diagram below in figure 5 shows the gain 

when signal passes through the stages. 

Bun;,r 
Amplill~r 

('I~MA 
<'n<j>l;r.~,· 

l'p\\'(..1" 

Comml SUtgc 

Clus• A or ii.H 
aollphfier 

Cl~,.,c;­

"''"f>l;fler 

High Pmve-r 
Srng:~,; 

Cla~•C 
"'"Piifl"~ 

AnlCllO>I 

Swltch 
Hm·mm1ic 

!'iller 

Rf'pwrho,.GdBIU RI'pwrifl-IOdnm IU'pwrlo>-IGOmW RFpWI·in-JW Rf'Pwri<>"'8\V RI'I:'wtii\~•7.~\V 

DC f'QW<:r ~ 7:; mw rx:: !"("~~• ~ ~oo mw UCt><>wc•· "'2W uc Powur~ 16 :sw I"'""''"'' I""~ ~o.~ dn ,,....,.,;.:,., lb$.'- -o.7 ..til 
RFI'w< out"' J(>dtJno RI' PW<QUI"" I lXI m'-V RJ' Pwro"'·"" JW RI' Pwr<o"t=liW IU'l'wo·oW ru 7.5 W IU'l'wr O<lt ~ b3 \V 

Figure 5 Transmitter line up 

The project will involve designing the circuitries utilizing Advance Design Simulator 

or equivalent for sub-circuit simulation and optimization. Final proto-type realization 

for verification will be performed. Eventual result of this project is the mobile radio 

with the transmitter with the capability of transmitting at low power at VHF 220MHz 

range. 

9 



2.3 LDMOSFET Modeling Study 

LDMOSFET- Laterally Diffused MOSFET is a widely used power amplifier. It is 

widely used in base station applications below a couple of GHz range as well as many 

other RF and microwave applications. However, due to its wide range of frequency 

range and power, the LDMOSFET model in simulation software is rarely developed. 

The existing high power amplifier model in simulation software has disadvantages 

like poor inter-modulation distortion prediction, lack of dynamic self-heating effect, 

complex extraction routines and so on. 

In this project, the power and current canoot be simulated due to inexistence 

of the power amplifier model in ADS. Due to this reason, there is a need to develop a 

model in the simulation software. However, developing a new model of transistor in 

simulation software is not an easy task. Transistor has a wide range of model and the 

model is largely dependant on the simulation software requirement and preference. 

The model can be a BSIM4, Levell, 2 or 3, HSPICE and so on. In Cadence PSPICE, 

usually they implement Level 3 modeling. In ADS, it gives the option to the user to 

model the transistor. It enables modeling using BSIM, Levell, 2 or 3 and HSPICE. 

Developing a model in ADS or other simulation software is a tough challenge 

but it can be very useful and time-saving in P A and transmitter design. Modeling of 

the device canoot be done without some good understanding of the modeling 

techniques and transistor characteristics. The main literature is some technical paper 

attached with this progress report. The study on the characteristics of P A and 

modeling techniques are the objectives of this project since modeling the device may 

take more than 2 semesters to complete and require great deal of effort in doing. 
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2.4 TIAIEIA testing and Evaluation 

According to the Telecommunication Industry Association, two way radios are put 

under scrutiny in its performance by setting out a set of testing and specifications. 

This is carried out in order to evaluate the performance of the radio in an objective 

manner. The testing and specifications are set by acquiring the requirements from 

various users (manufacturing, construction, rescue team, public transportation and so 

on). The test is carried out to simulate to investigate the radio performance. Here is 

the list of testing and their significance. However, the procedures of the testing and 

detailed specifications are not shown due to confidentiality of the contents. 

2.4.1 Transmit power and current 

The carrier power output rating is the power available at the output terminal of 
the transmitter. 

2.4.2 Transmit frequency error 

The frequency error of the transmitter is the difference between the measured 
carrier frequency in the absence of modulation and the nominal frequency of 
the transmitter. 

2.4.3 Transmit harmonic distortion 

The Tx audio distortion is the voltage ratio, usually expressed as a percentage 
of the rms value of the undesired signal of the transmitter's demodulated 
output to the rms value of the complete signal at the output of the transmitter's 
demodulator. 

2.4.4 Transmit Hum and Noise 

The Tx Hum and Noise is the ratio of the standard test modulation to the 
residual frequency modulation measured by the test receiver. This is to be 
performed with any audio compression I expansion circuit disabled. 

2.4.5 Conducted Spur 

The Tx conducted spur emission is the unwanted that is generated or 
amplified in a transmitter and appear at the transmit antenna terminal. 
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Spu level/dB 

OdB 

-78 dB 

Low pass filter response 

,---------------------------------------------- Frequency 

Fe 2Fc 3Fc 4Fc 5Fc 6Fc 7Fc 8Fc 

Figure 6 Conducted Spur at Fcs 

The figure 6 shows the harmonics level that is generated from the transmitter. 

The spur at Fe is used for transmission while the rest are suppressed by 

HF/AS. 

2.4. 6 TIA Key Up/Down Safety Evaluation 

This test is conducted to evaluate the safety aspect of the radio. Since the 

power output of the radio can go up to 30W, the power dissipation is of great 

concern. Thus, this test is needed to check the temperature of the radio at 

different section of the radio, like power amplifier, driver, crystal and chassis. 

The radio will be undergone a key up of 1 minute and key down of 4 minute 

continuously for 7 hours and followed by one hour of 5 minute of key up and 

10 minute of key down. This is to check the temperature compensation loop is 

working. 

2.4. 7 Load Pull 

Radio is subjected to a Voltage Standing Wave Ratio (VSWR) load pull 

during transmit state. The spectrnm of the transmit signal is observed during 

the pull. This is done to simulate the real time situation where the radio is 

being used in real life. The existence of spur at non-frequency of operation is 

observed. 
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CHAPTER3 

METHODOLOGY 

3.1 Methodology 

There are software simulation and hardware approach to this project. The software 

simulation part has been completed in first semester while the hardware 

implementation of hardware has been conducted this semester. The flow chart in the 

figure 9 details the procedure in conducting this project 

3.1.1 Feasibility Study (FYP I) 

Deals with the applicability of the use of upper or lower band radio to be used 

as reference in the design of transmitter of the band of interest. 

Study was on VHF and UHF radio topology and its potential up/down-band to 

220 MHz was studied. 

Meanwhile, study has been conducted on the component devices and 

performed some preliminary calculation, shown in section 4.1 of this report. 

Outcome- UHF low power transmitter line up has been chosen as the topology 

for this project with its superior performance in power and current. 

3.1.2 Circuit Design (FYP I) 

Design and simulate the circuit using ADS 

Developed the transmitter line up by using ADS 

Output- The circuit of the output matching network has been developed and 

the simulation has been performed. It shows fifty ohm matching. 

Refer to Appendix B for more ADS information. 
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3.1.3 On board measurement (FYP II) 

This approach is to implement the design on a PCB board and evaluate the 

performance 

Provide comparison between real circuit response with the result obtained 

from ADS 

3.1.4 Optimization (FYP II) 

Upon getting the appropriate design, the ADS can be used to further improve 

the design through this optimization 

Use to improve the design in order to pass the specifications by bigger margin. 

Upon proto typing, the radio is tested. If any failure in term of design, 

optimization will be carried out on board. This could be done by using ADS 

as well, if a good correlation is achieved. 

3.1.5 Prototyping (FYP II) 

Generate the circuit board that contains the RLC components and layout that 

was designed in the previous design stage 

Produce the circuit board that will be used for testing and evaluation. 

This has been done with the help of Motorola manufacturing line. 

3.1. 6 Testing and Evaluation (FYP II) 

The prototyped radio has been gone through testing that is set by the authority 

of telecommunication, TIA (Telecommunication Industry Association) 

The further details of testing and specifications can be seen in the section 2.4 

and the test setup in figure 7. 

Beside of TIA testing, the radio has gone through a safety test that investigates 

the safety aspect of the radio. 

The load pull test has been conducted as well in order to investigate the 

impact of load pull to the radio operation. The test setup for load pull is shown 

in figure 8. 
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Transmit Test Setup 

I 

1>()\\·t:ll 

:Sll'l'l." H""~I)IO ll~liiUil 
•. DCl "fi:ST 

I 
Radit1 ~;id~ C:t)Jt'IC'Cinr 

'( l1 fll~_ L~tt~.es, l\-151! iifr, ~~;}: ()!l'ft~ 

(:OlU111,:t·£g 
\\Tno i!~ 
(ii'•Jlli~·Ul 

I 

P<1d 
-~•u r1r! 

Rru.,fio ;~.•ltl:•lr'lfl pon 

Mic 
-
n:t;l' 

Iii' ·~J. 
: 

"'t' 

!),'1' 

:1.1odubt inn 
[Jp N Qll' 

.~LlJIU 1\uu'"J 
GJW 1/P' 

.;\ud~~ Ofl" 

,,·,·;ii11~ ,\'I:,\ I. 11'/.IH\ 
M113\~ I BOX I' 

Spl• .,, Ill" (1\(l(l m •• imri<di'l«') 

Oll' 

/'J.t::.;_lit) l/P 
• !)[) 

T~ mllio cDmnrmi£iJ!imJ rml 
• dlber lhru tt:sl box m io n1dW. 

J.i t~\1,;~ ~lt.:~l'filtd ~!!, 1:111 ,,.'¢ •;•ri·{~ .. I 
.!RIB IJ:OX I 

Figure 7 Transmit test setup 
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CHAPTER4 

RESULT AND DISCUSSION 

Over the two semesters, the project has been successfully completed. The transmitter 

line up that can operate in the 216-247 MHz range has been designed and prototyped. 

These sections will discuss the whole project design and result of the project. 

4.1 Feasibility Study and Result 

The project started off by conducting a preliminary calculation on the power that we 

can obtain from the current transmitter line up topology. Currently, for mobile radio, 

three stages amplification is performed. Table 2 shows the preliminary calculation. 

From here, we know that the current line up is capable of producing the desired 

power using the devices below. 

Table 2 Preliminary Power Calculation 

The study on the current radios topology has been performed in order to benchmark a 

current working radio transmitter topology that can be utiliz~d in this project. Upon 

research and some testing, it seems that UHF 350 MHz range radio was best suit for 

the use in this project. The main reason that drove me to this conclusion was the 

ability of the transmitter of this radio to produce output power of 20W at 220MHz 

range even though the matching network is matched for 350MHz range. Here is some 

data collected to strengthen my finding, shown in table 3. 

17 



From VHF 136MHz band radio From UHF 350MHz band radio 

F(~que~cy · .P max "I rated 
'MHz·. w ·.·· . . .. .. ·· .. A 
136 52.6 5.42 
148 55.9 5.44 
162 56 4.63 
216 6.5 2.2 
229 2.52 1.76 
247 0.9 1 .1 

Table 3 VHF 136MHz and UHF350MHz power measurement 

From the comparison above, it clearly proved that the 350MHz matching network and 

transmitter line up gave us a closer starting desi~ approximation to my project. 

However, it doesn't mean VHF range is not suitable for this project. The data above 

gave the information that the matching in UHF 350MHz is closer to our desi~ than 

VHF. Using the UHF, we can get the matching for 220MHz band in an easier 

manner. Thus, the UHF 350 MHz transmitter topology has been chosen 
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4.2 Transmitter line np ADS simulation by using S-parameter from datasheet 

In transmitter line up, the three main devices which are power amplifier (P A), pre­

driver and driver. These three devices are operating in non linear region. In this 

region, their behaviors are unpredictable because the harmonics that are produced by 

the devices in this region. The S-parameter is provided by the manufacturer in the 

datasheet (see appendix G). This parameter was obtained through experiment 

conducted by the manufacturer at a particular voltage and biasing current. The output 

power is high, about 35 W. Thus, based on this S-parameter, the transmitter line up 

simulation by ADS should be feasible. Thus far, this approach has achieved the 

followings. Due to time constraint, only the output matching of the P A has been 

simulated. The interstate matching will adopt the current UHF 350 MHz radio 

configurations. 

4.2.1 Schematic drawing 

The transmitter line up simulation was first time being approached as, 

conventionally, hands on was performed to get the appropriate matching and 

result. Thus, the whole transmitter line up needs to be drawn on ADS platform. 

This started with a 50 ohm termination point from VCO input and passed 

through pre-driver, interst~te matching, driver, interstate matching and finally 

P A and 50 ohm output tearination. 

Pre-
~ 

Interstate - Driver - Interstate 
driver matching matching 

Figure 10 Transmitter Line Up 

The schematic was shown in the appendix A and the current UHF band 1 

transmitter lines up was shown in comparison. (Note: UHF band 1 and UHF 

350 MHz have the same transmitter topology) 

4.2.2 Transmission line up modeling 

Real PCB board contains h substrate that may affect the system significantly if 

the radio is operating at high frequency in MHz range. Thus, the transmission 
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line of the real board should be taken into consideration as well in order to 

achieve good accuracy in simulation result. Correlation has been done in order 

to ensure the simulation result close to the actual on board result. The 

measurement was taken by measuring the length and width of the transmission 

line or known as runner. The measurement result was then entered into the ADS 

transmission line model. H -substrate of the PCB board depends on the material 

it was made of. Thus, data needs to be obtained from the vendor and the data 

was inserted into the ADS model as well. By doing that, the transmission line 

losses and characteristics will be similar to the one on board. This could 

produce a better and more correlated ADS simulation result. 

4.2.3 Device modeling 

The ADS do not have their library or simulation model of P A, pre-driver and 

driver. Thus, these devices need to be modeled for this simulation purpose. ADS 

have the capability of reading S-pararneter files, in touchstone form. The file is 

known as s2p file. From the datasheet, the S-parameter file was generated by 

keying in the data from datasheet. Then, this file was linked to the 2 ports data 

item in ADS. Thus, when this data item with the file was used, it behaves as the 

device since the data item now is operating with the s-pararneter of the device. 

Some simulations on this data item were done here and the result compromised 

to the data from datasheet. 

loa= 250 mA 

f 
s, s,1 s, Sn 

MH' JS111 Lj lS21I Lj ,.,,, L! JS22I L! 
50 0.89 -173 8.496 83 0.014 -26 0.76 170 

100 0.90 -175 3.936 72 0.014 -14 0.79 -170 

150 0.91 -175 2.429 63 0.011 -23 0.82 -170 

200 0.92 -175 1.627 57 0.010 -44 0.86 -170 

250 0.94 -176 1.186 53 0.007 -16 o.as -170 

300 0.95 -176 0.866 49 0.005 -44 0.91 -171 

350 0.96 -176 0.686 .. 0.005 " 0.9.2 -170 

400 0.96 -176 0.568 44 0.005 -1 0.94 -171 

450 0.97 -176 0.457 44 0.004 49 0.94 -172 

500 0.97 -176 0.394 44 0.000 ""' 0.95 -171 

550 0.98 -176 0.332 42 0.001 31 0.95 -173 

600 0.98 -177 0.286 41 0.013 99 0.94 -173 

Table 4 S-parameter ofMRF 1535Tl 
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The table 4 shows the S-parameter of the PA MOSFET device, MRF1535Tl, at 

biasing current of250 rnA and V of 12.5 V. This is the table that was created in 

the file that was linked to the ADS data item. When this item was read, the s­

parameter as in the table will be used to generate the corresponding IC device 

behavior. The P A model, which has been modeled using the s-parameter 

method, has been implemented in the matching network circuit. The simulation 

has been performed together with the matching network in order to get a 50 

ohm output matching. The details of the simulation and schematics are shown in 

section 4.2.4: Simulation and Optimization. 

4.2.4 Simulation and Optimization 

Thus far, only simple simulation on the two port item has been performed and 

the result was shown. The whole transmitter line up will be simulated in order to 

see the simulation result. The matching network were formulated and simulated. 

The result will be shown in and the related issues will be discussed. 

Output Matching Network- The output matching network for the power 

amplifier has been attempted and simulated. The P A is represented by a 

block with the s2p touchstone format file while the whole line up has been 

drawn in the schematic in ADS platform, as shown in figure 11. The 

matching network is developed to match the output impedance of the P A 

to 50 ohm to ensure full power transmission. The simulation has been 

conducted and the result was shown in figure 12. The smith chart, tables 

and graphs show that in the 216 to 247 MHz range, the impedance was 

close to 50 ohm. Since the band of frequency in the passband is relatively 

large, it is hard to get an exact 50 ohm matching throughout the band. 

However, this close simulation result could provide a good first time 

approximation in the matching network design. Perhaps, some 

optimization will be required when the design has been implemented on 

board. 
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Figure 11 Output matching network of final P A 
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The schematic in figure 11 shows the line up of the final P A stage output 

matching network The data item on the right contains the S-parameter 

which characterizes the P A device. The topology of line up above was 

based on the topology used in UHF band 1 radio transmitter. The 

transmission line in the figure 11 above was measured on board by using 

clipper and the characteristic of the board was obtained from vendor. The 

coil being used in the figure 11 above was a model formed by senior 

engineer Motorola. When we zoom into the coil, it is actually consists of 

inductor, resistor and coupling capacitor. Thus far, only ADS have the 

ability to simulate multi layer circuitry like the case here. 
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Simulation Result and Discussion 

Ustng S-parameter 

~ 

~ 
i 

fo,.q, MH·~ 

fro~ (50.00MH7.lo 600.0MHz) 

'" ' ·' z 1.1 
50.00MHz 5.573 + )4.991 7.636 -]2.61 
55.00MHz 5.476 + ]5.967 7.524- )2.90 ~ 60.00MHz 5.421 + )6.966 7.411 -)2.96 
65.00MHz 5.409 + 16.049 7.298-13.06 

~ 70.00MHz 5~5i~0+ j~g:~~l 7.166-13.14 
75.00MHz 7.075-13.22 
60,00MHz 5.644 + 111.565 6.965 -]3.31 
85.00MHz 5.826 + 112.850 6.856 -]3.391 
90,00MHz 8.069 + 114.224 6.747 -j3.47 
95.00MHz ~:~2~; m:~~~ 8.840 - ]3.55 
100.0MHz 6.533 - ]3.63 
105.0MHz 7.301 .. )18.928 6.420 - ]3.69 
110.0MHz 7.952 .. ]20.732 6,306 -]3.75 
115.0MHz 8.770 .. ]22.682 6.190 -]3.81 
120,0MHZ 9.798 ... ]24.791 6.073 -j3.87 

freq, MHZ 125.0MHz 11.095 .. j27.070 5.955 -]3.92 
130.0MHz 12.741 + ]29.526 6.836-13.96 
136.0MHz 14.841 +]32.148 5.717 -)4.011 
140.0MHz 17.533 + ]34.896 5.598 -]4.05 
145.0MHz 20.992 + J37 .678 5.478 -]4,09 
150.0MHz 25.417 + ]40.306 5.358 -]4.12 
155.0MHz 31.057 + ]42.418 5.226 - )4.15 
160.0MHz 37.957 + ]43.459 5.098 -j4.161 
185.0MHz 45.887 + j42 ,686 4.968 -j4.20 
170.0MHz 54.067 ... ]39.283 4.835- ]4.23 
175.0MHz 61 '1 08 ... ]33.055 4.703 -]4.25 

' 
180.0MHz 65.507 + )24.750 4.570- )4.27 
185.0MHz 66.543 + ]16.037 ::~g~ :JU~ 190.0MHz 64.708 + ]8.599 
195.0MHz 61.237+]3.326 4.172 - ]4.32 
200.0MHz 57.339 ... ]0.253 4.040 -]4.34 
205.0MHz 54.864-]1.231 3.967 -]4.33 
210.0MHz 52.559-]1.918 3.894 -]4.32 
215.0MHz 51.058 -]2.137 3.821 -]4.321 
220.0MHz 50.106 -]2.139 3.748 -]4.31 
225.0MHz 49.586 -]2.096 3,677- ]4.311 
230.0MHz 49.353 -)2.101 3.605 -)4.30 
235.0MHz 49.243 -)2.180 3.534 -)4.30 • '" - ~ 240.0MHz :~:lg :JU~~ 3.484 - )4.30 
245.0MHz 3.395 - ]4.30 Iraq, MH?.. 250.0MHz 48.649-11.250 3.326 -14.30 
255.0MHz 48.427-10.305 3.236 -14.26 
260.0MHz 48.341 +)1.734 u~~ :J!:~~ 265.0MHz 48.795 + ]5.375 
270.0MHz 50,611+]11.165 2.968 -]4.16 
275.0MHz 55.197 .. ]19.942 2.878-]4.12 
280.0MHz 66.460 .. ]32.879 2.789 -]4.08 
285.0MHz 89.012 ... ]51 .522 2.699- ]4.05 

Figure 12 Simulation result of output matching ofP A 

The result of the output matching network was shown above. The Smith 

chart shows the s-parameter across the frequency. In the frequency of 

interest, 216 to 247MHz, the 50 ohm matching was closely reached. This 

was shown in the table above. The impedance value was displayed and the 

impedance was close to 50 ohm. This indicated the output 50 ohm 

matching has been approximated. 

Another parameter of interest IS the input/output return loss. This 

parameter was less than -40 dB, which was small enough to create any 

reflection to both the input and output of the device. 
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4.3 Harmonic Filter and Antenna Switch ADS Simulation 

Hannonic filter and antenna switch are the two sections of the circuitry in transmitter 

before the signal being transmitted and radiated out of the radio to the air. The main 

purpose of hannonic filter is to suppress any of the hannonics produced by the 

transmitter while the antenna switch ensures good isolation between transmitter and 

receiver. This is the continuation of work from the industrial training in Motorola. 

With ADS and the simulation file created during internship, the circuitry was 

optimized and simulated. The schematics of the hannonic filter and antenna switch 

were shown in figure 13 below. 

• 

Figure 13 Antenna switch and hannonic filter of transmitter 

With ADS, the simulation has been performed by using real time components and 

transmission lines. The result was obtained and displayed in the figure 14. 
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Figure 14 HF I AS Simulation Result 

The result shows the simulation of the HF/AS on ADS. The two curves on the left are 

the input/output return loss and insertion loss of the HF/AS in receive mode while the 

two curves on the right are the input/output return loss and insertion loss at transmit 

mode. There are some internal specifications to be met in designing HF/AS. 

Parameters Receive Mode Transmit Mode 

Input/Output Return Loss (pass band) -15 dB -12 dB 

Insertion Loss (pass band) -1.5 dB -1.5dB 

Table 5 Specifications to be met for HF/AS Design 

Comparing the result obtained from ADS and the specifications, it shows the design 

is passing the specifications by at least one dB Smaller input/output return loss is 

desired to suppress the reflected energy at both transmit and receive mode, thus, 

ensure signal pass in one direction. Insertion loss is high to allow the signal to pass 

through with minimal losses. 
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4.4 Coupler Simulation 

The figure 15 below shows the location of coupler and the ADS schematic of coupler. 

The coupler is a micro strip printed circuit, which couples a small amount of the 

forward power of the RF power from power amplifier. The coupled signal is rectified 

to an output power which is proportional to the DC voltage rectified by diode and the 

resulting DC voltage is routed to the power control to ensure that the forward power 

out of the radio is held to constant value. 

Coupler 

llil 

.-~~--~~~~~~~L-~f~~----a~~·~co­

T~;· 

Figure 15 Location of coupler (above) and Coupler schematic (below) 
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The result above shows the 50 ohm matched coupler and the graphs show the 

insertion loss and return loss of the coupler across the frequency. From the 

simulation, the on board coupler can be simulated as shown in the diagram above, 

where the coupler consists of one mainline and two smaller coupling path. 
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4.5 Power Control ALC Simnlation 

The purpose of applying power control was stated in the theory section of this report. 

The schematic below shows the power control of the P A device. This was partial of 

the whole power control of the radio as the simulation of the power control of whole 

P A may take much longer time to understand and simulate. The P A model below was 

basically represented by a non linear voltage control voltage source in order to show 

the P A non linear voltage characteristic. 
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Vl•l "" ... 
mJ VAl\ po __ 1nodel 
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Figure 17 Power control of final P A 
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The graphs in figure 18 show the P A stage power control. There is output power 

versus time to show the transient when the PA was powered up. Then, the rest of the 

graphs show the changes of voltage level at starting up or transient stage. This stage is 

critical especially in transmission mode. When PA was keyed up, the time it took to 

reach its rated power will determine its ability in sending out the message at that 

particular channel. Consider a crowded and busy 2 way radio communication 

situation, the radio that has the shortest transient period will be capable of 

transmitting the signal by capturing the particular chaunel. Slow transient will cause 

delay in transmission of signal 
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Figure 18 Power Control Simulation Result 
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4.6 Antenna Switch and Harmonic Filter- On Board Measurement 

The simulation result obtained has been implemented on board. In practical, the 

AS/HF section of the board will go through measurement by using HP network 

analyzer with high accuracy. Here, the AS/HF section is isolated from the receiver 

and transmitter path in order to investigate the performance of the AS/HF itself. In 

this measurement, there will be two sub measurements, transmit path and receive 

path. The parameters being measured are Return loss and insertion loss. These 

parameters have significant implication as their values will predict the performance of 

the radio. Here, a comparison of the ADS simulation result and on board 

measurement has been shown and discussed below. 

4.6.1 ADS Simulation 

The figure 19 shows the ADS simulation result ofHF/AS in transmit path. The result 

is similar to figure 13 but in this case, the transmit path result has been taken and 

zoomed in. By using ADS simulation, a set of capacitors value has been obtained. 

m 4 ... treq=216.0M H ' m 4=-22.981 

~ .,. 
ill 
'!' 

" 

m 5 
treq= 231.0M 

H ' mS=-19.068 

m 6 
freq=247.0M 
m 6=-16.449 H ' 

"" . ·' . ·' •• •• LO " '"' '" 
fre q G 

'"' ' 

m 1 

"" 
freq=216.0M H ' m 1=-0.796 

R "" ~ 
~ ""' 

m 2 
freq=231.0M H ' m 2=-0.864 

m 3 

""' freq=247.0M H ' m3=-1.212 
·1 0 0 m 7 . ' ""' . ; """ LO " " '" freq=432.0M H ' 

f< G q. G H ' 
m ?--57.11 0 

Figure 19 ADS Simulation result on transmit path- Return loss( above) and 
insertion loss (below) 

Figure 19 shows the ADS simulation result of the AS/HF. The parameters are 

meeting the specification as specified by the design guidelines where insertion loss 

must not less than -1.5 dB and return loss must be less than -15 dB. From ADS, it 

gave a good approximation in designing the AS/HF. In order to get accurate result, 

transmit and receive simulation has been performed and optimized .. The design has 
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then been implemented on PCB board and the measurement has been done by using 

network analyzer. The result has been obtained and analyzed. On board optimization 

has been performed to get better performance. 

4.6.2 On Board Measurement of AS/HF 

The set of values from ADS have been obtained and applied on board. The practical 

measurement using network analyzer has been conducted and the result was tabulated 

as below. 

'· . + 
. 

GOAL ... 
FrequeNcy, 

.·.· 
I)ORL, 

lrnsertion Insertion 
. ·. 

TX MH,~ .. , Lpss,• ciB dB Loss,'dB •·. 1/QRL, dB 

216 -0.7 -18 -1 -15 

231.5 -0.8 -17 

247 -0.9 -18 

•• 
., 

l.n,sertion 
Fr!"que.ncy 

1',, 

Loss ·. 1/0 RL'' 
.Jnsertion .. 

RX · ...... MHz 
... dB' ciB Loss, dB 1/0RL, dB . -... 

216 -0.8 -14 -1.5 -12 

231.5 -0.9 -17 

247 -0.9 -16 

Table 6 AS/HF On-board Measurement Result 

Table 6 show that the Tx and Rx path have parameters passing the goal with good 

margin. This result is obtained after some optimization has been performed on the 

AS/HF. 
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4.7 Power and Current of Transmitter Line Up 

With the completion of AS/HF design and optimization, the matching network of the 

P A output is integrated with the AS/HF that has been designed early on. The 

matching network topology is based on the UHF 350MHz radio while the set of 

starting values for the RLC components for P A output matching are obtained from 

ADS simulation. The configurations for matching network from predriver to driver 

stage are based on UHF 350MHz radio as the interstate matching is feasible for 

operation in 216 to 24 7 MHz range. Here, the result before and after on board 

measurement are shown. 

4. 7.1 Pre-optimized Power 

With the set of values obtained from the matching network in ADS simulation, the 

power level is not encouraging. The power is measured at its maximum power tapped 

out from the antenna. The result has been shown in table 7 below. 

.fi:requency ·· Pinax · 
' · .. · 

MHz w 
216 18.5 

229 16 

247 1.5.6 

Table 7 Maximum Power 

The goal for the maximum power is 37.5W while rated current goal is less than 6A. 

The rated current level at its rated power is not obtainable since the power could not 

reach the rated power of 25W. (Notes: rated current is the current when the rated 

power is reached). With that, it indicates that the matching network developed from 

the ADS is far from the desire result. From here, some optimization on the matching 

network is definitely needed. 

4. 7.2 Post-optimized Power and Current 

On board optimization is the practice conducted to improve the relevant parameters 

by tweaking the capacitor or inductor values. Simulation result may give a rough first 

time approximation as the starting point of the design while tweaking is still much 
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needed to obtain the desire result. 

Here, optimization has been mainly conducted on the output matching network. 

Tweaking of the capacitors is conducted by replacing the capacitor with a higher or 

lower cap values. After some optimization, the power and current of the design is 

measured and the result is shown below. 

GOAL 

. 
I '' I 

I . '' 
. 

Frequency.· PMAX . RATED' PMAX RATED 

MHZ . w A . w A 

216 54 5.8 >37.5 <6 

221.2 52 4.9 >37.5 <6 

226.4 42 5.5 >37.5 <6 

231.5 40 4.8 >37.5 <6 

236.7 39 4.8 >37.5 <6 

241.9 38 4.6 >37.5 <6 

247 38 4.4 >37.5 <6 

Table 8 Post-optimized power and current level 

The result shows great improvement after optimization. The result is passing the 

specifications as in the design guidelines. With that, the transmitter line up is set up. 

The full line up and its corresponding components are updated to the schematic and 

layout. With that, the radio can be proto typed and the performance of the radio as a 

whole can be tested and evaluated. 
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4.8 Conducted Spur 

During the design process, we faced a conducted spur issue where the radio was 

failing this parameter by more than 3dB. Thus, this issue was brought in and 

discussed here. 

Conducted Spur is one of the significant parameters in transmitter line up design. 

When the PAis powered up, the tx line up (from pre-driver to PA) will amplify the 

signal coming from the function generating unit of the radio (FGU). The signal from 

FGU is set a particular frequency within the range of 216 to 247 MHz. However, 

when the signal comes out from the PA, the harmonics of the signal will get amplified 

as well. In FGU, the signal is generated at one frequency and same time; the 

harmonics will be produced as well. The harmonics will go through the amplification 

stages and radiated out from the antenna. Conducted Spur is a measure of the 

harmonics level generated and radiated out from the antenna. Refer to the design of 

transmitter line up; there is actually a harmonic filter stage before the antenna. This 

HF is actually responsible to SJ.!ppress these harmonics. After the radio is prototyped, 

this parameter is investigated and the result is shown below. 

Conducted Spur can be measured by using high end spectrum analyzer. By 

having appropriate setup and safety procedures, the conducted spur can be seen in the 

spectrum. The conducted spur at the transmit frequency was capture and shown 

below. The same method is repeated at its harmonic frequencies. 

Figure 20 Spectrum analyzer and conducted spur at fc 
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The figure 20 shows the spur at the transmit frequency, 216MHz. The spectrum 

clearly shows the spurious level and that frequency. The spur at this frequency is 

relatively higher than other harmonics level. This is explainable due to the reason that 

the harmonic filter is tailored for transmission at the frequency range of 216 to 

247MHz. The insertion loss of frequency in this range is higher, thus signal can pass 

through the filter. However, the filter is designed to suppress the harmonics to less 

than -36dbm. The test has been done and the result is shown in table 9. 

Operating 
Operating Operating 

Voltage, Voltage. Voltage, 

v Channel2 v Channel3 v 

10.88 13.8 16.32 231.5 MHz 10.88 13.8 16.32 247 MHz 10.88 13.8 

Fe in dBm Fe in dBm 

·25.42 ·23.6 -22.9 2 fc -30 -29.4 -31.6 2 fc -50.7 -48 

-46 -43.1 -41 3 fc -45 -43.1 -42.3 3 fc -68.6 -41 

-44 -43 -42 4 fc -41 -38 -40 4 fc -41 -42 

-44 -42 -44.5 5 fc -49 -49 -45 5 fc -54 -56 

-56 -57 -55 6 fc -44 -43 -44 6 fc -53 -53 

-55 -53 -53.9 7 fc -53 -49 -53 7 fc -59 -55 

-60 -58 -55 8 fc -53 -52 -52 8 fc -67 -68 

-62 -61 -59.8 9 fc -51 -45 -50.5 9 fc -58 -56 

-64 -62 -62 10 fc -50 -51 -50 10 fc -68 -58 

Table 9 Conducted Spur Measurement (Goal: fc<-36dBm) 

The result shows that failure is seen in 2"d fc. This reflected that the harmonics at 2"d 

fc is relatively high since the HF attenuation is insufficient to suppress this harmonic. 

As a result, optimization has been conducted to alleviate this conducted spur problem. 

Changes have been made to the HF and output matching stages. The radio has been 

reworked and the post-optimized result was shown below. The implementation shows 

no degradation in power and current measurement. It is shown below. 
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GOAL 

Frequency PMAX I RATED 

MHz vJ" . A w A 

216. 44.5 5.5 49 5.5 >37.5 <6 

221.2 45 4.8 48 4.7 >37.5 <6 

226.4 43 4.5 45 4.5 >37.5 <6 

231.5 44 4.7 46 4.8 >37.5 <6 

236.7 45 5.2 47 5.4 >37.5 <6 

241.9 47 5.5 49 5.7 >37.5 <6 

247 47 5.6 51 5.8 >37.5 <6 

Table 10 Post-optimization Power and Current Measurement 

' ': ,:: V~l)age, 
·.•· ;":. . 

Channel 
1;.. . .:> •. Vo.ltage;·: Channel . Channel Voltag.~:rr: I v > ' 1 v : 2 . .· 3 > v : ... 

.. 
A , . ,.,. . ,, ... 

( ' .: '. " 231.5 'p :. :·: . .. . 
216 MHz w:a~ 13.8 16.32 MHz . 1Q.88 13.8 16:32 247 MHz 10.S8. 13.8 .. 

tc 

2 

3 

4 

5 

6 

7 

8 

g 

10, 

I .. 

·' 
tc fc 

> -50 -50 -52 2 c -45 -43 -43 2 -44 -42 

• -44 -44 -42 3 -55 -53 -51 3, -47 -49 
·.·· 

-42 -40 -38 4 -44 -42 -42 4 -42 -47 

-50 -47 -50 5 -48 -45 -47 5 -42 -43 

-48 -49 -50 ~· -49 -48 -47 6' -44 -45 

-50 -51 -48 7 -48 -45 -46 7 -44 -45 

-49 -53 -49 8 -51 -50 -51 8 -42 -48 

. · .. 
-54 -48 -51 g -52 -51 -50 gi -48 -44 

-48 -47 -46 1Q -50 -50 -50 10 -44 -45 
. 

Table 11 Post-optimization Conducted Spur Measurement 

The result after optimization shows great improvement in conducted spur 

measurement. With that, the conducted spur issue has been solved. The root cause is 

identified as high harmonics due to mismatch of the output matching of P A to the 

harmonic filter section. 
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4.9 EIA/TIA Key Up/Down safety Test 

EWTIA is the governance that stands for Telecommunication Industry Association, 

which is responsible in governing the standard and specifications of 

telecommunication products. Two way radios is one of the products that is being 

governed by this authority. Key up/down test is one of the safeties tests that need to 

go through before the radio can be released to the market. This test involves the 

temperature measurement of the different part of the radio. The temperature, when the 

radio is transmitting and receiving signal, is recorded by the hi-end devices. Thermal 

sensor is placed on driver, power amplifier device, crystal and the ambient point. The 

procedure involves keying up the radio for one minute and followed by 4 minutes of 

dekeying. The temperature at that various points will be recorded by the sensor and 

workstation. The test on one of the operating frequency has been completed so far 

and it is shown below. 

80 
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Figure 21 EIA Key Up/Down Test For frequency 231.5MHz 
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Figure 22 EIA Key Up/down for frequency 247MHz 

The result shows that the P A and driver temperature is higher than crystal and it is 

norm of the operation as most of the temperature will be dissipated at driver and P A. 

However, there is a strange phenomenon at the end of the cycle as the driver 

temperature is higher than PA. It maybe caused by the malfunction of the station as it 

is the first time running after .down for a while in host company. More verification 

will be done in near future. 
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4.10 TIA Parametric Measurement 

According to Federal Communication Commission, all the two way radios need to go 

through a series of parametric check before the radio can be released and used in the 

market. Referring to the project objective and proposal from Motorola, the transmitter 

line up needs to go through and pass all the parametric test before the design is 

considered completed. The testing and evaluations involve the testing as listed below. 

);> Transmit Power and Current 

);> Transmit Frequency Error 

J;> Transmit Harmonic Distortion 

);> FM Hum and Noise 

);> Conducted Spur 

Each of these parameters has significant effect on the radio performance during 

transmit mode. For each parameter, there is specification that the radio needs to pass 

before the design is considered complete. The significance of the parameters has been 

explained in the literature review section of this report while the measurement 

methods are explained in the appendices. The radio has been tested and the result is 

shown in table 12 and 13 below. 

Transmitter Test 
--~~~----······· 
Model: 

--~~.!:!~_e.x________________ . ---· -·· ··-·- .. ---
Voltage: 10.B8 

nst Parameter 

Frequency Error 0.13 

I n;:. Povmr {lfV): 1.5.8 

I J~. Current ~): 42 
Harmonic Distortion (%1.; 0.5 

FM Hllm& Noise(dB): -49.1 

Conducted Spurious (®m): 

l-~~"4:fceo -42 
51C -50 
6fc -48 
71C -50 ----------------·--------- ---., -49 
91C -54 

····-··---~----- ------- -·--------- ~- .. ----
101C 

216 ---·········· -----------·-··-- ·---··-··--·-··--· 
13.60 16.32 10.88 

0.07 0.06 0.12 
26 25.1 17.1 
5.2 5.3 3.7 
0.5 0.5 0.4 

-503 -50.4 -49.1 

-50 -52 ·45 
-44 -42 -55 
40 -38 -44 
47 -50 -48 
49 -50 -49 
-51 48 -48 ------------ .. ---------- --------------
-53 4S -51 
-48 -51 ··-----------·-··-·· :52 
-47 -46 -50 

25k 

m 247 ·--·-·-------- ---- --- -- .~--~-
13.6{} 16.32 10.88 13.60 16.32 

0.06 0.08 0.15 0.01 0.01 
27 26.6 15 26 26 
4.5 4.3 4.4 5.3 5.5 
0.5 0.5 0.5 0.4 0.5 

-49.3 -49.2 -46.8 -47.1 -47.9 

43 43 -44 42 43 
-53 -51 -41 -49 -46 
-42 -42 -42 -47 -42 
-45 -47 -42 -43 -42 
-48 -47 -44 -45 -47 
-45 46 -44 45 -48 ----------- --·:51--

_______ .. _ ---:;w---. -50 -42 -48 
-51 __ _:5_1) __ -48 -44 -43 ---------------- ... ---------. --------------
-50 -50 -44 45 -41 

Table 12 Transmit parametric result for 25khz channel spacing 
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~~-- -~---~ --t-12.~·--·----- ------------1------
I 232 247 I --- ---~~---1-~~~-------~----

13.6(1< 16.'32 10.88 13.6G 16.32 
-~-~~Ltenf?X -·-----------· 216 

Voltage! 10.88 13.60 16.32 10.68 

Test Parameter 

Frequency Erro.r 0~28 0~22 0~24 0~3 0.25 DB 0.3 D.28 03 
It. Power QN} : 1S 25 5~4 17 27 26_7 15 25.2 26 
I~- CtJrrent lA): 4~2 5.3 4.5 5~4 5.4 3.7 4.4 4.4 5~5 

1~0 0~9 Harmonic Oistnrticm (%1_~ OJ3 0.8 0.8 0.9 0.9' 0.9 tO 
-42~5 -42.5 FMHum&Noise[dB}: -45.3 -45 -45~1 -43~8 -43~9 -43~3 -42.3 

-~-~-~~"'-~---~--~---·~· -43 -44 -43 -52 ~53 ~53 -48 -49~ ~~- --~~::4.5_ __ 
--- 4fu -42 -40 ~38 -44 -42 -42 -42 -47 -42 
~---~~-~~~,;~-~---~-- -~----50 ____ _:li _____ ,§~--- ___ ::4B ___ ::45 __ ~ _ -4 7 -42 -43~~- ~---::4;2: __ ~ 

R 4 ~ ~ ~ 4 ~ M ~ ~ 

~ ~ .51 4 4 -45 4 M ~ ~ 
'"' -49 -53 -49 -51 -5o ---"s"-1 -l--4-:oz:o-+--4~8 -+--4-",::o----l 

~----·---""'---------- -54 -48 -51 -52 -51 -50 -48 M -43 
1ft ~ ~ ~ .50 ~ ~0 M ~ ~ ---~~--~~~_L~~_L~~~-~~L-~-L_~~J_~~_L~~_L~~~r 

Table 13 Transmit parametric result for 12.5khz channel spacing 
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4.11 Talk and Listen Test 

The radio, upon assembled, has been brought back to UTP. A talk and listen test has 

been carried out. During the test, two radios and accessories have been used. One 

radio was setup in the car, which was parked about 2km away from the laboratory 

while another radio was setup in laboratory where it is powered up by power source 

HP6033A (high current power source). 

Radio In Lab 

Radio in Car 

Figure 23 Talk and Listen test 

The car was started and the testing was started. The personnel in the lab and car are 

mutually talking and listening to each other. In the test, the quality of the signal was 

closely monitored and evaluated. The result was a clear and distinct conversation. 

After the talk and listen, the testing was further enhanced and got more interesting by 

setting out a set of conversation code to both parties of the speakers. Each time, the 

listening party should be able to figure out the code sent by speaking party. The result 

was all the parties could figure out the conversation code sent from the other party. It 

proved the conversation through the two way radio was reliable. 

41 



4.12 Load Pull Test 

The radio is subjected to VSWR load of 4: I aud key up. The spectrum in the 

spectrum aualyzer is observed at the spau of 400MHz aud I GHz to investigate the 

presence of auy spur at frequency other thau the operating frequency. The reason of 

chauging the spau is to chauge the resolution of the spectrum aud also the wideness of 

the spectrum. Upon a series of checking, the spectrum is seems cleau as there is no 

spur throughout the spectrum. This meaus the trausmitter line up is stable. 

frequency(MHz) .... ·•Exisfiince .of Spur Comment "(!' 
. . . 
• 

216 Nil No Spur is observed except at fc level 
231.5 Nil No Spur is observed except at fc level 
247 Nil No S_Q_ur is observed except at fc level 

Table 14 Load Pull Result 

The load pull test shows that there is no spur seen throughout the test except the spur 

at harmonics level. 

4.13 Linearization Study 

Knowing the P A aud trausmitter in the line up are working in non linear region, 

linearization techniques can be used to characterize the non linear region as in a linear 

region. Several methods were identified. Feed forward, Cartesian feedback, pre­

distortion aud so on. The summary of each methods were done after study on each of 

them was performed (see appendix Efor summary). 

Out of all the techniques, pre-distortion was identified as the most feasible 

method with its low cost of implementation and effectiveness in linearization. Using 

this method, the whole P A aud predistorter will be characterized as a whole. Thus, the 

P A will have to be characterized beforehaud. 

Thus far, no result was simulated as this technique is in the study aud research 

stage. The planned action for this technique is to use MATLAB or ADS to perform 

the simulation on the effect of this technique to the system. 
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4.14 LDMOSFET MODELING STUDY 

The second semester has been spent partially on the LDMOSFET Modeling study. 

This involved the study of the power amplifier characteristics, parameters and its 

significance, the modeling technique in different simulation software and ADS 

transistor modeling. 

The power amplifier characteristics and relevant parameters can be obtained 

from the datasheet in the appendix G of this report. The parameters that are specified 

in it are of significance in simulating the device characteristic in simulation software. 

However, transferring these parameters in datasheet to a model in simulation software 

requires a deep understanding of the model that is in use in the software. One of the 

common simulation software is PSPICE. The model of transistor in PSPICE is 

captured and shown below. 

MODEL OF TRANSISTOR: PHD45N03LT/PLP-X I 2 3 

* 1 =drain 2=gate 3=source 

L1 I II 3.5e-9 

L2 2 22 7 .5e-9 

L3 3 33 7 .5e-9 

Cgs 6 33 1373E-12 

Cgdl 6 4 2828E-12 

Cgd2 114 140E-12 

Ml 56 33 33 MOST! 

M2 4 6 5 33 MOST2 

Dl 33 12 Dbody 

Rdiode 12 11 Rtemp 2.8e-3 

Rdrain 5 11 Rtemp 7.8e-3 

Rgate 22 6 15 

.MODEL MOST! NMOS (LEVEL~3 W~O.I L~O.Je-6 Vto~l.89 Kp~6.33e-5 

+ 

+ 

+ 

RS~O ~0 U0~650 VMAX~O XJ~0.5E-6 KAPPA~IOE-2 

ETA~Se-5 TPCFI IS~O LD~O WD~O CGSO~O CGDO~O 

CGBO~O NFS~0.64el2 DELTA~O.I) 

.MODEL MOST2 NMOS (LEVEL~3 W~O.I L"0.3e-6 Vto~-1.65 Kp~6.33e-5 

+ 

+ 

+ 

RS"700 RD~700 U0~650 VMAX~O XJ~0.5E-6 KAPPA~IOE-2 

ETA~Se-5 TPG~I IS~O LD"O WD"O CGSO~O CGDO"O 

CGBO"D NFS"O DELTA"O.I) 

.MODEL Dbody D(Is~Ie-14 N~0.8 Rs"2.7e-3 Ikf~Ie3 Cjo~O M~0.5 Vj~0.4 

+ Bv"25 lbv~250e-6 TF50e-9) 

.MODEL Rtemp RES(TCI~4.025e-3 TC2~1.26e-5) 

.ENDS 

'$ 
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From there, a comparison has been made to the model with the device datasheet. 

However, it was found out that there is not a direct matching between the datasheet 

parameters with the model parameters. The relationships of them are actually 

represented in some equations. This does not happen in PSPICE while ADS uses the 

similar way to perform the modeling. To do this kind of modeling, the relationships 

of the parameters in datasheet need to be understood deeply in order to derive the 

other parameters that exist in the model. Here is one of the models that can be used in 

ADS to represent a transistor device. In comparison with the model that from 

PSPICE, it was found that the method of modeling has similarities. It can only be 

concluded that, to model a LDMOSFET (or other transistor), we need to know the 

relationship of each parameters, understand the equations that can derive the 

parameters that are needed in the simulation software model. 

MM3ll_Model (Philips MOS M<>dol30) 

S~mbol 

Parameters 

NMOS "NMOS Model Ty·pe; YEiS. NO (default: YES) 

PMOS" PMOS Model Type; YES. NO (default: YE:S) 

}{on "" Ohmic reslstaru:E <Lt zero-bias, Ohm (default:; 1.0) 

Hsat = spa.m charge roslstmlt:B at zero,hias tn Ohms (dufault: 1.0) 

Vsat = r:r1 tical drnln--&Jurw voltage [or hot rErricr, V (default: 10 ,()) 

Psat "",,.elod.ly satura.Uml m:::Jffic:tcmt (default: l.IJ) 

Vp =plm:h off volt~ at zm:tl g,a.IE a:nd substrairl voltages, V t(jefnull: -1 .OJ 

Tox = gato nx.tde Utlckness, em (default -1.0) 

Dt:h"" doptnglevel d1annol. crn"3 (default: l.Oc+l5) 

Dsub doping level stlbslra.tn.cm<~ tctefrmll: 1.{£!+1.5) 

Vsub;::; substrate dtliuslon voltage, V (default: O.G) 

Cgatm = gate CiJPi1Cita:nce at zmJ·bia:'i, F (Wi!fnult; OJl) 

Csub ""snbstrate crrpocitanco at zero·bli!S, F (dofauJt: 0.0) 

Taus: "" space charge traus:Lt Unm of the ctmrmel, F (defa.u l.t: lHl} 

Trof= referum::e l:cmper<J.L1J.t-e on Cclstns (default: 25.0) 

Vg~:~p = bandsav voltage d1annel, V (de.l@ult: 12) 

A.ch = temperaturo coc:ffKt.ent reststlvlty of tho Channel (default: 0.0) 

Kr fltr:kernolse OJE!.tfido:nl (default: {).0) 

Af =flldta!rtloJsa exponent (clefa:u.lt: J.[~ 

AllParums =Data At::e8t':.!:! Conq::onent (DAC) b;;ur;ed paramctxws 

Figure 24 ADS MM30 _MODEL for Philips MOSFET 

There are some others model that can be used in ADS like Level 3, BSIM and so on. 

They are shown in the appendix H. 
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CHAPTERS 

CONCLUSION AND RECOMMENDATION 

Two-way mobile radio is a half duplex device that consists of receiver, transmitter 

and function generating unit. Input signal is frequency modulated with carrier and 

travel to transmitter line up where the signal is amplified to 25W before radiated out 

through antenna. It serves as an important tool for communication purposes in 

commercial sectors like manufacturing, transportation and so on. 

Transmitter line up of current existing bands of radios has been studied and 

350MHz transmitter line up has been benchmarked for this project. This is decided 

based on several testing and research done on existing radios. 

Transmitter line up of the radio has been designed with the help of ADS 

simulation. The transmitter line up uses 3 stage amplifications and the output of 

power can go up to maximum of 40W. 

ADS simulation has been performed for harmonic filter and antenna switch 

(HF/AS), power control, coupler and transmitter line up. The simulation result has 

been helpful throughout the design stage as the result is accurate. 

The design has been implemented and radio has been prototyped. Slight 

deviation has been seen compared with simulation. Optimization has been done to 

improve the performance of the radio. 

The prototyped radio has been tested and evaluated. The result shows that the 

design of the transmitter line up has been a successful one because it is satisfying the 

specifications set by TIA. 
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In particular, the transmitter 

');> provides a 25W power with a 13.8V with a current goal of< 6.5A and meet 

the 0.25uW of radiated and conducted spur emission up to lGHz and 2.5uW 

level up to 4GHz 

');> operates through +80 deg C to -40 deg C at operating supplies of 1 0.88V to 

16.32V with a power leveling specification of -3dB +2dB. 

');> is unconditionally stable to a load mismatch ofVSWR=4:1 over voltage 

');> does not exceed the die temperature limit and the whole system stays within 

the safety temperature limits when test through a 7+ 1 hour EIA Key down test 

Recommendations 

With the support from UTP lecturers and hardware, software and technical 

knowledge from Motorola Technology, the project has been completed. The final 

outcome is a radio that could function well and passing the industrial standard. The 

ADS simulation on matching has been performed on the output matching of P A only. 

In future, the whole line up will be simulated and correlated in order to ease the 

process of transmitter design. Linearization and LDMOSFET modeling studies will 

be carried on in the future to gain more knowledge about them. The eventual product 

of this project is a working radio. However, before the radio can be released to the 

market, more testing and evaluation are needed. The radio will go through radiated 

test to check the radiated spurious level of the signal during both transmit and receive 

test. This is part and parcel of the safety test for two way radio. Besides, the radio has 

to go through range test to check its functionality in real life. Should there be any 

failure in the test will lead to further optimization of the design in order to meet the 

stringent requirements of the users and authority. 
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APPENDIXB 

ADS SIMULATION SCHEMATICS 

Figure: ADS starting page to choose project and schematics 

Figure shows the ADS schematic for the transmitter line up, the relevant parameters 

definition and goal specifications 



Impedance matching by stages, goals were set on the right for simulation and 

Sub-circuit schematic drawing for amplifier for voltage control simulation 
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Audio Analyzer 

Modulation Analyzer 

APPENDIXD 

EQUIPMENT AND MATERIAL 

Hi end Communication 
Analyzer 

High Current Power Supply 



HF/AS PCB front end 

HF/AS PCB back end 



APPENDIXE 

LINEARIZATION SUMMARY 

Types of linearization techniques 

a) Feedfoward linearization 
The configuration of this technique was shown in the figure below. This method 
was frequently used in radio communication, mainly QAM due to the fluctuating 
AM envelopes. There are two main circuits in this configuration: error 
cancellation and signal cancellation circuit. Signal cancellation is mainly used to 
suppress the reference signal from the main power amplifier output signal, leaving 
only amplifier distortion, both linear and nonlinear in the error signal. Linear 
distortion is mainly caused by the deviations of the amplifier's frequency 
response from the flat gain and linear phase. The purpose of the error cancellation 
circuit is to suppress the distortion component of the P A output signal, leaving 
only the linearly amplified component in the linearizer output signal. In order to 
suppress the error signal, the gain of the error amplifier is chosen to match the 
sum of the values of the sampling coupler, fixed attenuator and output coupler so 
that the error signal is increased to approximately the same level as the distortion 
component of the P A output signal 

..... -
'----.~-,--'·"----,v----' 

b) LINC- Linear amplification using nonlinear components 
This technique is used whereby a linear modulation signal is converted into two 
constant envelope signals that are independently amplified by power efficient 
class C amplifiers and then combined using a hybrid coupler. The use of power 
efficient amplifiers can provide significant improvement in the overall sstem. The 
envelope conversion operation is a non linear process that generates spectral 
components outside of the modulation bandwidth. Any imbalance between the 



two class C amplifiers needs to be eliminated. A complex gain adjuster can be 
inserted into one of the branches to adaptively control the balance between the 
amplifiers. The adaptation process can use either the ACPR minimization 
approach of Gradient based correlator approach. 

c) Cartesian feedback 
In this method, the error signal is created by subtracting the P A output from that 
of the input signal. The error signal is the input of the power amplifier. The 
limitations of the Cartesian feedback linerizer are the achievable bandwidth and 
system stability. 

d) Digital Predistortion 
Two common techniques- Vector mapping look up table approach and complex 
gain look up table approach Vector mapping approach stores compensation vector 
into a look up table for each input signal vector but it requires large amount of 
data storage. Complex gain look up approach provides more accurate 
representation of the inverse nonlinearity. The look up table is indexed by either 
magnitude or power. 

Digital Domain 

r.'<ldem f--r--..1 Complex Gain 
Predtstorter 

Analog Donmin 

Power 
Amplifier 

Quadrature ;..-------' 
Demodulator 

Digital Predistortion for digital communication 



RF input Delay 

Envelope Deiector 

Power Amplifier 

OSP 
Optimizatioo of 

PMamelern 

Digital Predistortion for RF input 

RF Output 

Po.ver Detecta-
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IMPEDANCE MATCHING 
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MOTOROLA Freescale Semiconductor, Inc. Order this document 
by MRF1518/D SEMICONDUCTOR TECHNICAL DATA 

The RF MOSFET Line 
RF Power Field Effect Transistor 
N-Channel Enhancement-Mode Lateral MOSFET 

The MRF1518T1 is designed for broadband commercial and industrial 
applications with frequencies to 520 MHz. The high gain and broadband 
performance of this device make it ideal for large-signal, common source 
amplifier applications in 12.5 volt mobile FM equipment. 

• Specified Performance @ 520 MHz, 12.5 Volts 
Output Power - 8 Watts 
Power Gain -11 dB 
Efficiency - 55% 

• Capable of Handling 20:1 VSWR, @ 15.5 Vdc, 
520 MHz, 2 dB Overdrive 

• Excellent Thermal Stability 

• Characterized with Series Equivalent Large-Signal 
Impedance Parameters Go----1-_J 

• RF Power Plastic Surface Mount Package 

• Broadband UHFNHF Demonstration Amplifier 
Information Available Upon Request 

• Available in Tape and Reel. T1 Suffix= 1,000 Units per 12 mm, 
?Inch Reel. 

MAXIMUM RATINGS 

Rating 

Drain-Source Voltage 

Gate.-.Source Voltage 

Drain Current- Continuous 

Total Device Dissipation @ T c = 25°C (1) 
Derate above 25°C 

Storage Temperature Range 

Operating Junction Temperature 

THERMAL CHARACTERISTICS 

Characteristic 

Thermal Resistance, Junction to Case 

TJ- Tc 
(1) Calculated based on the formula Po= -­

ReJC 

D 

s 

Symbol 

Voss 

VGs 

io 

Po 

Tstg 

TJ 

Symbol 

ReJc 

MRF1518T1 

520 MHz, 8 W, 12.5 V 
LATERAL N-CHANNEL 

BROADBAND 
RF POWER MOSFET 

CASE 466-02, STYLE I 
(PLD-1.5) 

PLASTIC 

Value 

40 

±20 

4 

Unit 

Vdc 

Vdc 

Adc 

62.5 Watts 
0.50 W/'C 

-65to+150 'C 

150 'C 

Max Unit 

2 'CNI 

NOTE CAUTION- MOS devices are susceptible to damage from electrostatic charge. Reasonable precautions in handling and 
packaging MOS devices should be observed. 

REV3 

© Motorola, Inc. 2002 

G MOTOROLA 
intelligence everywhere" 

For More Information On This Product, 
Go to: www.freescale.com 

digital dna~ 



Freescale Semiconductor, Inc. 
ELECTRICAL CHARACTERISTICS (T c = 25'C unless otherwise noted) 

Characteristic Symbol Min Typ Max Unit 

OFF CHARACTERISTICS 

Zero Gate Voltage Drain Current loss - - 1 MAde 
(Vos = 40 Vde, VGs = 0 Vde) 

Gate-Source Leakage Current IGss - - 1 MAde 
(VGs = 10 Vde, Vos = o Vde) 

ON CHARACTERISTICS 

Gate Threshold Voltage VGS(th) 1.0 1.6 2.1 Vde 
(Vos = 12.5 Vde, lo = 1 oo uA) 

Drain-Source On-Voltage Vos(on) - 0.4 - Vde 
(VGs = 10 Vde, lo = 1 Ade) 

DYNAMIC CHARACTERISTICS 

Input Capacitance Ciss - 66 - pF 
(Vos = 12.5 Vde, VGs = 0, I= 1 MHz) 

Output Capacitance Coss - 33 - pF 
(Vos = 12.5 Vde, VGs = 0, f = 1 MHz) 

Reverse Transfer Capacitance Crss - 4.5 - pF 
(Vos = 12.5 Vde, VGs = 0, f = 1 MHz) 

FUNCTIONAL TESTS (In Motorola Test Fixture) 

Common-Source Amplifier Power Gain G,, 10 11 - dB 
(Voo = 12.5 Vdc, P0c~ = 8 Watts, loa= 150 mA, I= 520 MHz) 

Drain Efficiency ~ 50 55 - % 
(Voo= 12.5 Vdc, Pout=8Watts, loa= 150 mA, f=520 MHz) 

MRF1518T1 

2 
• • MOTOROLA RF DEVICE DATA 

For More Information On Th1s Product, 
Go to: www.freescale.com 



Freescale Semiconductor, Inc. 

Nt 

RFr INPUT 
Ct 

-=-

61, 62 

C1,C12 
C2, C3, C10, C11 
C4 
C5, C16 
C6, C13 
C7, C14 
C8, C15 
C9 
L1 
Nt, N2 
Rt 
R2 
R3 

= 

R3 

R2 

R1 

C4 

= 

Short Ferrite Beads, Fair Rite Products 
(2743021446) 
240 pF, 100 mil Chip Capacitors 
0 to 20 pF Trimmer Capacitors 
82 pF, 1 00 mil Chip Capacitor 
120 pF, 100 mil Chip Capacitors 
10 ).lF, 50 V Electrolytic Capacitors 
i ,200 pF, 100 mil Chip Capacitors 
0.1~-tF, 100 mil Chip Capacitors 
30 pF, 100 mil Chip Capacitor 
55.5 nH, 5 Tum, Coilcraft 
Type N Flange Mounts 
15 !l Chip Resistor (0805) 
51 0., 1/2 W Resistor 
10 !l Chip Resistor (0805) 

IC5 

= 

C16I 

-=-

Z6 

R4 
Z1 
Z2 
Z3 
Z4 
Z5,Z6 
Z7 
Z8 
Z9 
Z10 
Board 

Lt 

Z7 

reg 
ZB 

82 

Z9 Z10 N2 

1RF Ct OUTPUT 

= = 

33 kQ, 1/8 W Resistor 
0.451" x 0.080" Microstrip 
1.005" x 0.080" Microstrip 
0.020" x 0.080" Microstrip 
0.155" x 0.080" Microstrip 
0.260" x 0.223" Microstrip 
0.065" x 0.080" Microstrip 
0.266" x 0.080" Microstrip 
1.1i 3" x 0.080" Microstrip 
0.433" x 0.080" Microstrip 
Glass Teflon®, 31 mils, 2 oz. Copper 

Figure 1. 450- 520 MHz Broadband Test Circuit 

TYPICAL CHARACTERISTICS, 450- 520 MHz 

12r----r---,---..,---,-----r---, 

w 1or---r-----r---~----_,~~~~---1 
~ 
~ 8~--~--~~~~~~~-+----1 

~ sr-----r---~~~~----_,-----+-----1 
~ 
~ •r-----bf~~r---~----~-----+-----1 0 

~ 
~ 2r--.~r-----r---_, ____ _, ____ -+-----1 

Voo = 12.5 Vdc 

P;,, INPUT POWER (WATIS) 

Figure 2. Output Power versus Input Power 

1D 

"'" Zl 
'3 
z 
a: 

0 

5 

~ -10 
a: 
~ 
~ z 
J -1 
~ 

5 

-20 
0 

Voo = 12.S Vdc 

470 MHz 

450MH~/ 500 IMHz 

520

1

MHz 

2 3 4 5 6 7 8 9 10 11 

P '"" OUTPUT POWER (WATIS} 

Figure 3. Input Return Loss 
versus Output Power 

MOTOROLA RF DEVICE DATA 
For More Information On This Product, 

MRF1518T1 
3 Go to: www.freescale.com 



Freescale Semiconductor, Inc. 
TYPICAL CHARACTERISTICS, 450- 520 MHz 

17 

15 

13 '--

9 

7 

5 
0 

2 

450 MHz 470 MHz 

....;::: ::::... 520 MHz 

JoMHz 
.,;,; 

Vo? ~ 12.
1

5 Vdc 

2 3 4 5 6 7 8 9 10 11 
P,,, OUTPUT POWER (WADS) 

Figure 4. Gain versus Output Power 

-
0 470 MHz 

~Hz 
8 

Ts20MHz 

6 500 MHz 

4 

2 Voo ~ 12.5 Vdc _ 

0 

Pin = 2i.2 dBm 

0 200 400 600 BOO 1000 
loa. BIASING CURRENT (rnA) 

Figure 6. Output Power versus Biasing Current 

2 
470MHz ......-::::1 

1 
1.-? v 450 MHz 

0 
./ 1.........-::: 

9 7 ~ 
8 

/ [....? 
7 

6 
~ 520 MHz 

5 500 MHz 

4 loa~150rnA -

3 P;01 ~26.2d~rn _ 

2 
B 9 10 11 12 13 14 15 16 

V00, SUPPLY VOLTAGE (VOLTS) 

Figure 8. Output Power versus Supply Voltage 
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470 MHz 1--
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....-::: 

~ ~ "'"S20 MHz 

~ 
500 MHz 

V00 = 12.5 Vdc 

2 3 4 5 6 7 8 9 10 11 12 
P_., OUTPUT POWER (WADS) 

Figure 5. Drain Efficiency versus Output Power 

0 

B 

470 MHz 

450 MHz 
500 MHz 

520 MHz 

Voo = 12.5 Vdc _ 
Pin = 26.2 dBm 

I 

200 400 600 BOO 
loa. BIASING CURRENT (rnA) 

Figure 7. Drain Efficiency versus 
Biasing Current 

470jMHz 
1-

1000 

1- 450~ 
520 MHz I -500 MHz 

loa=150mA -
Pin = 26.2 dBm _ 

I I 
9 10 11 12 13 14 15 16 

V00, SUPPLY VOLTAGE (VOLTS) 

Figure 9. Drain Efficiency versus Supply Voltage 

MRFt518T1 

f: 
• • MOTOROLA RF DEVICE DATA 

For More Information On Th1s Product, 
Go to: www.freescale.com 



Nl 

RFr INPUT 
Cl 

81,82 

C1,C14 
C2, C3, C4, C11, 
C12, C13 
cs 
C6 
C7, CIS 
CS, CIS 
C9, C16 
C10,C17 
Ll 
Nl, N2 
Rl 
R2 

12 

I' 
0 

/ 

Freescale Semiconductor, Inc. 

Short Ferrite Beads, Fair Rite Products 
(27 43021446) 
240 pF, 1 DO mil Chip Capacitors 

0 to 20 pF Trimmer Capacitors 
30 pF, 100 mil Chip Capacitor 
47 pF, 1 oo mil Chip Capacitor 
120 pF, 100 mil Chip Capacitors 
10 ~F. 50 V Electrolytic Capacitors 
1,200 pF, 100 mil Chip Capacitors 
0.1 )lF, 100 mil Chip Capacitors 
55.5 nH, 5 Turn, Coilcraft 
Type N Flange Mounts 
15 0 Chip Resistor (0805) 
51 n, 1/2 W Resistor 

R2 

R3 
R4 
Z1 
Z2 
Z3 
Z4 
zs 
Z6,Z7 
zs 
zg 
Z10 
Z11 
Board 

82 

N2 

Cl OUTPUT 1
RF 

1 0 n Chip Resistor (0805) 
33 k.Q, 1/8 W Resistor 
0.476" x 0.080" Microstrip 
0.724" x 0.080" Microstrip 
0.348" x 0.080" Microstrip 
0.048" x 0.080" Microstrip 
0.175" x 0.080" Microstrip 
0.260" x 0.223" Microstrip 
0.239" x 0.080" Microstrip 
0.286" x 0.080" Microstrip 
0.806" x 0.080" Microstrip 
0.553" x 0.080" Microstrip 
Glass Teflon®, 31 mils, 2 oz. Copper 

Figure 10. 400- 470 MHz Broadband Test Circuit 

TYPICAL CHARACTERISTICS, 400- 470 MHz 

440~ 
0 

I J 
Voo = 12.5 Vdc 

V, 1---::::: 400MHz 
5 

~ 
I' 

470MHz-

440 MHz 

~ 400 MHz 

Voo = 12.5 Vdc 5 

470 MHz 

-2 0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 2 3 4 5 6 7 8 9 10 11 12 

P '"'' OUTPUT POWER (WATIS) P,,, INPUT POWER (WATIS) 

Figure 11. Output Power versus Input Power Figure 12. Input Return Loss 
versus Output Power 

MOTOROLA RF DEVICE DATA 
For More Information On This Product, 

Go to: www.freescale.com 
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Freescale Semiconductor, Inc. 
TYPICAL CHARACTERISTICS, 400- 470 MHz 

440 MHz 

400 MHz 
47ff MHz -.......:: 

Voo = 12.5 Vdc 

2 3 4 5 6 7 B 9 10 II 12 

P0o, OUTPUT POWER (WATTS) 

Figure 13. Gain versus Output Power 

440 MHZ -
::-- 400MHz - ......... 470MHz 
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Pin = 26.8 dBm 
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200 400 600 BOO 

loa. BIASING CURRENT (rnA) 

Figure 15. Output Power versus 
Biasing Current 
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__...70MHz 

1000 
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9 
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I I 
10 11 12 13 14 

V00, SUPPLY VOLTAGE (VOLTS) 

Figure 17. Output Power versus 
Supply Voltage 
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Figure 14. Drain Efficiency versus Output 
Power 
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470 MHz 

440 MHz 

400 MHz 

Voo ~ 12.5Vdc _ 
Pin = 26.8 dBm 
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loa. BIASING CURRENT (rnA) 

Figure 16. Drain Efficiency versus 
Biasing Current 
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Figure 18. Drain Efficiency versus 
Supply Voltage 
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B1, B2 

C1,C13 
C2, C4, C11 
C3 
C5 
C6, C17 
C?, C14 
CB, C15 
C9, C16 
C10 
C12 
L1 
L2 
L3 

12 

Freescale Semiconductor, Inc. 

A3 

R2 
IC6 

Short Ferrite Beads, Fair Rite Products 
(2743021446) 
330 pF, 100 mil Chip Capacitors 
0 to 20 pF Trimmer Capacitors 
12 pF, 100 mil Chip Capacitor 
43 pF, 100 mil Chip Capacitor 
75 pF, 100 mil Chip Capacitors 
10 ~F. 50 V Electrolytic Capacitors 
1,200 pF, 100 mil Chip Capacitors 
0.1 J.LF, 100 mil Chip Capacitors 
75 pF, 1 00 mil Chip Capacitor 
13 pF, 1 00 mil Chip Capacitor 
26 nH, 4 Turn, Coilcraft 
5 nH, 2 Tum, Coi!craft 
33 nH, 5 Turn, Coilcraft 

C17I 

Z6 

-=-
L4 

Z7 

L4 
N1, N2 
R1 
R2 
R3 
R4 
Z1 
Z2 
Z3 
Z4 
Z5, Z6 
Z? 
za 
zg 
Z10 
Board 

ZB 

62 

L2 L3 Z9 

55.5 nH, 5 Turn, Coilcraft 
Type N Flange Mounts 
15 Q Chip Resistor (0805) 
56 Q, 1/4 W Carbon Resistor 
100 Q Chip Resistor (0805) 
33 kQ, 1/8 W Carbon Resistor 
0.115" x 0.080" Microstrip 
0.255" x 0.080" Microstrip 
i .037" x 0.080" Microstrip 
0.192" x 0.080" Microstrip 
0.260" x 0.223" Microstrip 
0.125" x 0.080" Microstrip 
0.962" x 0.080" Microstrip 
0.305" x 0.080" Microstrip 
0.155" x 0.080" Microstrip 
Glass Teflon®, 31 mils, 2 oz. Copper 

Figure 19. 135-175 MHz Broadband Test Circuit 

TYPICAL CHARACTERISTICS, 135-175 MHz 
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Figure 20. Output Power versus Input Power 
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Figure 21. Input Return Loss 
versus Output Power 
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Freescale Semiconductor, Inc. 
TYPICAL CHARACTERISTICS, 135-175 MHz 

I 
135 MHz 

175 MHz \ ....::::: ~ 
155 MHz ~ 

yoo = 
1
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Figure 22. Gain versus Output Power 
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Figure 23. Drain Efficiency versus Output 
Power 
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Figure 24. Output Power versus 
Biasing Current 
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Figure 25. Drain Efficiency versus 
Biasing Current 
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loa=150rnA _ 
Pin = 24.5 dBm 
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Figure 26. Output Power versus 
Supply Voltage 
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Freescale Semiconductor, Inc. 

Voo = 12.5 V, loa= 150 rnA, Pout= B W Voo= 12.5 V, loa= 150 rnA, Pout= 8 W Voo = 12.5 V, loa= 150 rnA, Pout= 8 W 

I z,. ZoL* I z,. ZoL* I z,. ZoL* 
MHz Q Q MHz Q Q MHZ Q Q 

450 4.9 +j2.85 6.42 +j3.23 400 4.28 +j2.36 4.41 +j0.67 135 18.31 -j0.76 8.97 +j2.62 

470 4.85 +j3.71 4.59 +j3.61 440 6.45 +j5.13 4.14 +j2.53 155 17.72 +j1.85 9.69 +j2.81 

500 4.63 +j3.84 4.72 +j3.12 470 5.91 +j3.34 3.92 +j4.02 175 18.06 +j5.23 7.94 +j1.14 

520 3.52 +j3.92 3.81 +j3.27 

Zin Complex conjugate of source Zin Complex conjugate of source Zjn Complex conjugate of source 
impedance with parallel15 n impedance with parallel 15 .Q impedance with parallel 15 n 
resistor and 82 pF capacitor in resistor and 47 pF capacitor in resistor and 43 pF capacitor in 
series with gate. (See Figure i ). series with gate. (See Figure 1 0). series with gate. (See Figure i 9). 

ZoL* = Complex conjugate of the load ZoL . Complex conjugate of the load Zo,· Complex conjugate of the load 
impedance at given output power, impedance at given output power, impedance at given output power, 
voltage, frequency, and llo >50%. voltage, frequency, and llo >50%. voltage, frequency, and llo >50%. 

Note: ZoL* was chosen based on tradeoffs between gain, drain efficiency, and device stability. 

Input 
Matching 
Network 

Output 
Matching 
Network 

Figure 28. Series Equivalent Input and Output Impedance 
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Freescale Semiconductor, Inc. 
Table 1. Common Source Scattering Parameters (Voo = 12.5 Vdc) 

loa= 150 rnA 

511 521 512 522 

L'~ 15211 L'~ 15121 L'~ 15221 L'~ 

-148 18.91 99 0.033 11 0.67 -144 

-163 9.40 86 0.033 -6 0.66 -158 

-170 4.47 73 0.026 -17 0.69 -162 

-171 2.72 64 0.025 -28 0.74 -163 

-172 1.85 56 0.021 -21 0.79 -164 

-173 1.35 52 0.019 -30 0.83 -165 

-173 1.04 47 0.014 -26 0.85 -167 

-174 0.83 44 0.015 -39 0.88 -168 

-175 0.68 39 0.014 -31 0.90 -169 

-175 0.55 36 0.010 -41 0.91 -170 

-176 0.46 30 0.011 -38 0.95 -170 

loa =800 rnA 

511 521 512 522 

L'~ 15211 L'~ 15121 L'~ 15221 L'~ 

-159 20.80 97 0.020 14 0.73 -162 

-169 10.35 88 0.018 1 0.74 -169 

-174 5.09 79 0.017 -9 0.75 -171 

-175 3.23 73 0.015 -18 0.77 -171 

-175 2.30 67 0.015 -17 0.80 -171 

-176 1.74 63 0.014 -22 0.82 -170 

-176 1.39 59 0.014 -19 0.83 -171 

-176 1.16 55 0.009 -23 0.85 -171 

-176 0.96 50 0.011 -14 0.87 -172 

-177 0.80 46 0.007 4 0.88 -173 

-177 0.67 41 0.010 -15 0.89 -173 

loa=1.5A 

511 521 512 522 

L'~ 15211 L'~ 15121 L'~ 15221 L'~ 

-159 20.18 97 0.015 11 0.73 -165 

-169 10.05 89 0.016 -5 0.74 -171 

-174 4.93 80 0.015 -3 0.75 -172 

-175 3.14 73 0.014 -14 0.78 -172 

-176 2.24 67 0.014 -20 0.80 -171 

-176 1.70 64• • 0.014 -22 0.82 -170 

-176 1.36 59 0.010 -16 0.84 -171 

-176 1.13 55 0.013 -10 0.85 -171 

-177 0.94 50 0.008 -13 0.87 -172 

-177 0.78 46 0.013 -26 0.87 -173 

-178 0.65 41 0.007 8 0.87 -172 
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Freescale Semiconductor, Inc. 
APPLICATIONS INFORMATION 

DESIGN CONSIDERATIONS 
This device is a common-source, RF power, N-Channel 

enhancement mode, Lateral Metai-Qxide Semiconductor 
Eield-£ffect Iransistor (MOSFET). Motorola Application 
Note AN211 A, "FETs in Theory and Practice", is suggested 
reading for those not familiar with the construction and char­
acteristics of FETs. 

This surtace mount packaged device was designed pri­
marily for VHF and UHF portable power amplifier applica­
tions. Manufacturability is improved by utilizing the tape and 
reel capability for fully automated pick and placement of 
parts. However, care should be taken in the design process 
to insure proper heat sinking of the device. 

The major advantages of Lateral RF power MOSFETs in­
clude high gain, simple bias systems, relative immunity from 
thermal runaway, and the ability to withstand severely mis­
matched loads without suffering damage. 

MOSFET CAPACITANCES 
The physical structure of a MOSFET results in capacitors 

between all three terminals. The metal oxide gate structure 
determines the capacitors from gate-to-drain (C9,), and 
gate-to-source (C9,). The PN junction formed during fab­
rication of the RF MOSFET results in a junction capacitance 
from drain-to-source (C,,). These capacitances are charac­
terized as input (C;,), output (C,,) and reverse transfer 
(Cd capacitances on data sheets. The relationships be­
tween the inter-terminal capacitances and those given on 
data sheets are shown below. The C;ss can be specified in 
two ways: 

1. Drain shorted to source and positive voltage at the gate. 

2. Positive voltage of the drain in respect to source and zero 
volts at the gate. 

In the latter case, the numbers are lower. However, neither 
method represents the actual operating conditions in RF ap­
plications. 

DRAIN CHARACTERISTICS 

Ciss = Cgd + Cgs 
Coss = Cgd + Cds 
Crss = Cgd 

One critical figure of merit for a FET is its static resistance 
in the full-on condition. This on-resistance, Ros(on}• occurs 
in the linear region of the output characteristic and is speci­
fied at a specific gate-source voltage and drain current. The 

drain-source voltage under these conditions is termed 
Vos(on)· For MOSFETs, Vos(on) has a positive temperature 
coefficient at high temperatures because it contributes to the 
power dissipation within the device. 

BVoss values for this device are higher than normally re­
quired for typical applications. Measurement of BVoss is not 
recommended and may result in possible damage to the de­
vice. 

GATE CHARACTERISTICS 
The gate of the RF MOSFET is a polysilicon material, and 

is electrically isolated from the source by a layer of oxide. 
The DC input resistance is very high -on the order of 1 O' n 
- resulting in a leakage current of a few nanoamperes. 

Gate control is achieved by applying a positive voltage to 
the gate greater than the gate-to-source threshold voltage, 
Vos(th)· 

Gate Voltage Rating - Never exceed the gate voltage 
rating. Exceeding the rated Vos can result in permanent 
damage to the oxide layer in the gate region. 

Gate Termination - The gates of these devices are es­
sentially capacitors. Circuits that leave the gate open-cir­
cuited or floating should be avoided. These conditions can 
result in turn-on of the devices due to voltage build-up on 
the input capacitor due to leakage currents or pickup. 

Gate Protection -These devices do not have an internal 
monolithic zener diode from gate-to-source. If gate protec­
tion is required, an external zener diode is recommended. 
Using a resistor to keep the gate-to-source impedance low 
also helps dampen transients and serves another important 
function. Voltage transients on the drain can be coupled to 
the gate through the parasitic gate-drain capacitance. If the 
gate-to-source impedance and the rate of voltage change 
on the drain are both high, then the signal coupled to the gate 
may be large enough to exceed the gate-threshold voltage 
and turn the device on. 

DC BIAS 
Since this device is an enhancement mode FET, drain cur­

rent flows only when the gate is at a higher potential than the 
source. RF power FETs operate optimally with a quiescent 
drain current (loa). whose value is application dependent. 
This device was characterized at loa = 150 mA, which is the 
suggested value of bias current for typical applications. For 
special applications such as linear amplification, loa may 
have to be selected to optimize the critical parameters. 

The gate is a de open circuit and draws no current. There­
fore, the gate bias circuit may generally be just a simple re­
sistive divider network. Some special applications may 
require a more elaborate bias system. 

GAIN CONTROL 
Power output of this device may be controlled to some de­

gree with a low power de control signal applied to the gate, 
thus facilitating applications such as manual gain control, 
ALC/AGC and modulation systems. This characteristic is 
very dependent on frequency and load line. 

MOTOROLA RF DEVICE DATA 
For More Information On This Product, 

Go to: www.freescale.com 

MRF1518T1 
11 



Freescale Semiconductor, Inc. 
MOUNTING 

The specified maximum thermal resistance of 2°C/W as­
sumes a majority of the 0.065" x 0. t 80" source contact on 
lhe back side of the package is in good contact with an ap­
propriate heat sink. As with all RF power devices, the goal of 
lhe thermal design should be to minimize the temperature at 
the back side of the package. Refer to Motorola Application 
Note AN4005/D, "Thermal Management and Mounting Meth­
od for the PLD-1.5 RF Power Surface Mount Package," and 
Engineering Bulletin EB209/D, "Mounting Method for RF 
Power Lead less Suriace Mount Transistor" for additional in· 
formation. 
AMPLIFIER DESIGN 

Impedance matching networks similar to those used with 
bipolar transistors are suitable for this device. For examples 
see Motorola Application Note AN721, "Impedance Matching 
Networks Applied to RF Power Transistors." Large-signal 

impedances are provided, and will yield a good first pass 
approximation. 

Since RF power MOSFETs are triode devices, they are not 
unilateral. This coupled with the very high gain of this device 
yields a device capable of self oscillation. Stability may be 
achieved by techniques such as drain loading, input shunt 
resistive loading, or output to input feedback. The RF test fix­
ture implements a parallel resistor and capacitor in series 
with the gate, and has a load line selected for a higher effi­
ciency, tower gain, and more stable operating region. 

Two-port stability analysis with this device's 
S-parameters provides a useful tool for selection of loading 
or feedback circuitry to assure stable operation. See 
Motorola Application Note AN215A, "RF Small-Signal 
Design Using Two-Port Parameters" for a discussion of two 
port network theory and stability. 
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PACKAGE DIMENSIONS 

0.146 

s 
LJ 

3.71 

•I 
0.095 I + I~ 2.41 

t oL I l_t 2;2 + 

ZONEV 

2~1 + ~~o 
0.51 

ZONEW 

C"::') 
Q RESIN BL.EED/Fl.ASH ALLOWABLE 0.89 (O.oJ5) X 45 ° ±S o 

SOLDER FOOTPRINT 

STYLEt: 
PIN 1. DRAIN 

2. GATE 
3. SOURCE 
4. SOURCE 

NOTES: 
1. DIMENSIONING AND TOLERANCING PER ANSI 

Y14.5M, 1952. 
2. CONTROLUNG DIMENSION: INCH 
3. RESIN BLEED/FLASH ALLOWABLE IN ZONE V, W, 

ANDX. 

CASE466-02 
ISSUE B 

(PLD-1.5) 

DIM 
A 

• c 
D 
E 
F 
G 
H 
J 
K 
l 
N 
p 
Q 

R 
s 
u 

ZONEV 
ZONEW 
ZONE X 

INCHES MILUMETERS 
MIN MAX MIN MAX 

0.255 0.265 6.48 6.73 
0.225 0.235 5.72 5.97 
0.085 0.072 1.65 1.83 
0.130 0.150 3.30 3.81 
0.021 0.026 0.53 0.66 
0.026 0.044 0.66 1.12 
0.050 0,070 1.27 1.78 
11045 0.003 1.14 1.60 
0.160 0.180 4.06 4.57 
0,273 0,265 6,93 7.24 
0.245 0.255 6.22 6.48 
0.230 0.240 5.84 6.10 
0.000 0.008 0.00 0.20 
0.055 0.063 1.40 1.60 
0.200 0.210 5.08 5.33 
0.006 0.012 0.15 0.31 
0.006 0.012 0.15 0.31 
0.000 0.021 0.00 0.53 
0.000 0.010 0.00 0.25 
0.000 O.o10 0.00 0.25 
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MOTOROLA 
SEMICONDUCTOR TECHNICAL DATA 

The RF MOSFET Line 

Order this document 
by MRF1535T1/D 

RF Power Field Effect Transistors 
N-Channel Enhancement-Mode Lateral MOSFETs 

MRF1535T1 
MRF1535FT1 

Designed for broadband commercial and industrial applications with frequenM 
cies to 520 MHz. The high gain and broadband performance of these devices 
make them ideal for large-signal, common source amplifier applications in 
12.5 volt mobile FM equipment. 

o Specified Performance @ 520 MHz, 12.5 Volts 
Output Power - 35 Watts 
Power Gain - 10.0 dB 
Efficiency- 50% 

o Capable of Handling 20:1 VSWR, @ 15.6 Vdc, 520 MHz, 2 dB Overdrive 

o Excellent Thermal Stability 

• Characterized with Series Equivalent Large-Signal Impedance Parameters 

o Broadband-Full Power Across the Band: 135-175 MHz 
400-470 MHz 
450-520 MHz 

o Broadband UHF/VHF Demonstration Amplifier Information Available 
Upon Request 

o In Tape and Reel. T1 Suffix = 500 Units per 44 mm, 13 inch Reel. 

MAXIMUM RATINGS 

Rating 

Drain-Source Voltage 

Gate-Source Voltage 

Drain Current- Continuous 

Total Device Dissipation @ T c = 25°C (1) 
Derate above 25°C 

Storage Temperature Range 

Operating Junction Temperature 

THERMAL CHARACTERISTICS 

Characteristic 

Thermal Resistance, Junction to Case 

TJ- Tc 
(i) Calculated based on the formula Po= -­

RsJC 

. 

Symbol 

Voss 

Vos 

Ia 

Po 

Tstg 

TJ 

Symbol 

ReJc 

520 MHZ, 35 W, 12.5 V 
LATERAL N-CHANNEL 

BROADBAND 
RF POWER MOSFETs 

CASE 1264-06, STYLE 1 
T0-272 
PLASTIC 

MRF1535T1 

CASE 1264A-02, STYLE 1 
T0-272 STRAIGHT LEAD 

PLASTIC 
MRF1535FT1 

Value 

40 

±20 

6 

135 
0.50 

-6510+150 

175 

Max 

0.90 

Unit 

Vdc 

Vdc 

Adc 

Watts 
W/°C 

oc 
oc 

Unit 

oc/W 

NOTE- CAUTION MOS devices are susceptible to damage from electrostatic charge. Reasonable precautions in handling and 
packaging MOS devices should be observed. 

REV4 

© Motorola, Inc. 2002 
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'LECTRICAL CHARACTERISTICS- continued (T c = 25'C unless otherwise noted) 

Characteristic 

IFF CHARACTERISTICS 

Drain-Source Breakdown Voltage 
(VGs = 0 Vdc, lo = 100 ~Adc) 

Zero Gate Voltage Drain Current 
(Vos = 60 Vdc, VGs = 0 Vdc) 

Gate-Source Leakage Current 
(VGs = 10 Vdc, Vos = 0 Vdc) 

IN CHARACTERISTICS 

Gate Threshold Voltage 
(Vos = 12.5 Vdc, 10 = 400 ~~ 

Drain-Source On-Voltage 
(Vos = 5 Vdc, lo = 0.6 A) 

Drain-Source On-Voltage 
(VGs = 10 Vdc, lo = 2.0 Adc) 

'YNAMIC CHARACTERISTICS 

Input Capacitance (Includes Input Matching Capacitance) 
(Vos = 12.5 Vdc, VGs = 0 V, f = 1 MHz) 

Output Capacitance 
(Vos = 12.5 Vdc, V8s = 0 V, f = 1 MHz) 

Reverse Transfer Capacitance 
(Vos = 12.5 Vdc, VGs = 0 V, f = 1 MHz) 

F CHARACTERISTICS (In Motorola Test Fixture) 

Common-Source Amplifier Power Gain 
(Voo = i 2.5 Vdc, Pout= 35 Watts, loa= 500 mA) f=520MHz 

Drain Efficiency 
(Voo = "12.5 Vdc, Pout= 35 Watts, loo = 500 mA) 1=520MHz 

Load Mismatch 
(Voo = 15.6 Vdc, f = 520 MHz, 2 dB Input Overdrive, VSWR 20:1 at 
All Phase Angles) 

VIRF1535T1 MRF1535FT1 
2 

Symbol 

V(BR)DSS 

loss 

IGss 

VGS(th) 

Ros(on) 

Vos{on) 

Ciss 

Coss 

Crss 

Gp, 

~ 

'I' 

60 - - Vdc 

- - 1 ~Adc 

- - 0.3 ~Adc 

t - 2.6 Vdc 

- - 0.7 n 

- - 1 Vdc 

- - 250 pF 

- - 150 pF 

- - 20 pF 

dB 
10 - -

% 
50 - -

No Degradation in Output Power 
Before and After Test 
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60 

ii) 50 

t1 
~ 40 
a: 
w 

" 0 30 a. 
~ 
=> a. 
to 20 
0 

" d2 10 

0 

Voo >-r-_,_-_,_--, 
+ 

Ctt CtO R4 
R3 

Bt 
Ct, C9, C20, C23 
C2, C5 
C3, C15 
C4,C6,C19 
C7 
CB 
CtO, C21 
C11, C22 
Ct2, C13 
C14 
C16 
Ct7 
eta 
L 1 
L2 
L3 

R2 

Ferroxcube #VK200 
330 pF, 100 mil Chip Capacitors 
0 to 20 pF Trimmer Capacitors 
33 pF, 100 mil Chip Capacitors 
18 pF, 100 mil Chip Capacitors 
160 pF, 100 mil Chip Capacitor 
240 pF, 100 mil Chip Capacitor 
1 0 J.LF, 50 V Electrolytic Capacitors 
470 pF, 100 mil Chip Capacitors 
i 50 pF, 1 00 mil Chip Capacitors 
110 pF, 100 mil Chip Capacitor 
68 pF, 100 mil Chip Capacitor 
120 pF, i 00 mil Chip Capacitor 
51 pF, 100 mil Chip Capacitor 
17.5 nH, Coilcraft #A05T 
5 nH, Coilcraft #A02T 
1 Turn, #26 AWG, 0.250" ID 

L4 
L5 
Nt, N2 
Rt 
R2 
R3 
R4 
Zt 
Z2 
Z3 
Z4 
Z5,Z6 
Z7 
ZB 
zg 
zto 
Board 

1 Turn, #26 AWG, 0.240" ID 
4 Turn, #24 AWG, 0.180" ID 
Type N Flange Mounts 
6.5 n, 1/4 W Chip Resistor 
39 0 Chip Resistor (0805) 
1.2 kn, 1/8 W Chip Resistor 
33 kn, 1/4 W Chip Resistor 
0.970" x 0.080" Microstrip 
0.380" x 0.080" Microstrip 
0.190" x 0.080" Microstrip 
0.160" x 0.080" Microstrip 
0.11 0" x 0.200" Microstrip 
0.490" x 0.080'' Microstrip 
0.250" x 0.080" Microstrip 
0.320" x 0.080" Microstrip 
0.240" x 0.080" Microstrip 
Glass Teflon®, 31 mils 

RF 
OUTPUT 

r1 

Figure 1.135-175 MHz Broadband Test Circuit 
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TYPICAL CHARACTERISTICS, 135-175 MHz 
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VoD = 12.5 Vdc 

I 

2 3 4 

P;,, INPUT POWER (WATTS) 

Figure 2. Output Power versus Input Power 
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Figure 3. Input Return Loss versus Output Power 
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TYPICAL CHARACTERISTICS, 135-175 MHz 
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Figure 4. Gain versus Output Power 
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Figure 6. Output Power versus Biasing Current 
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Figure 8. Output Power versus Supply Voltage 
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Figure 5. Drain Efficiency versus Output Power 
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Figure 7. Drain Efficiency versus Biasing Current 
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Figure 9. Drain Efficiency versus Supply Voltage 
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C14 

INPUT 
RFrN1 C1 

81 
C1 
C2 
C3 
C4 
C5 
C6,C7 
ca. C15, cis 
C9 
C10,C14,C25 
C11,C22 
C12, C24 
C13,C23 
C17, C18 
C19 
C20 

R2 

Ferroxcube VK200 
160 pF, 100 mil Chip Capacitor 
3 pF, 100 mil Chip Capacitor 
3.6 pF, 100 mil Chip Capacitor 
2.2 pF, 100 mil Chip Capacitor 
10 pF, 100 mil Chip Capacitor 
16 pF, 100 mil Chip Capacitors 
27 pF, 100 mil Chip Capacitors 
43 pF, 100 mil Chip Capacitor 
160 pF, 100 mil Chip Capacitors 
10 )lF, 50 V Electrolytic Capacitors 
1,200 pF, 100 mil Chip Capacitors 
0.111F, 100 mil Chip Capacitors 
24 pF, 100 mil Chip Capacitors 
160 pF, 1 DO mil Chip Capacitor 
8.2 pF, 100 mil Chip Capacitor 

C21 
L 1 
N1, N2 
R1 
R2 
R3 
21 
22 
23 
24 
25,28 
26,27 
29 
210 
Board 

B1 

C~19 210 :RF 
OUTPUT 

?C21-: 

1.8 pF, 100 mil Chip Capacitor 
47.5 nH, 5 Turn, Coilcraft 
Type N Flange Mounts 
sao Q Chip Resistor (0805) 
1 kn Chip Resistor (0805) 
33 kO, 1/8 W Chip Resistor 
0.480" x 0.080" Microstrip 
1.070" x 0.080" Microstrip 
0.290" x 0.080" Microstrip 
0.160" x 0.080" Microstrip 
0.120" x 0.080" Microstrip 
0.120" x 0.223" Microstrip 
1.380" x 0.080" Microstrip 
0.625" x 0.080" Microstrip 
Glass Teflon®, 31 mils 

Figure 10. 450- 520 MHz Broadband Test Circuit 
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TYPICAL CHARACTERISTICS, 450 - 520 MHz 
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Figure 13. Gain versus Output Power 
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Voo = 12.5 V, loa= 250 rnA, Pout= 35 W 

I z,n ZoL* 
MHz Q Q 

135 5.0 + j0.9 1.7+j0.2 

155 5.0 + j0.9 1.7+j0.2 

175 3.0 + j1.0 1.3 + j0.1 

Complex conjugate of source 
impedance. 

Complex conjugate of the load 
impedance at given output power, 
voltage, frequency, and flo > 50 %. 

Voo = 12.5 V, loa= 500 rnA, P0u1=35 W 

I z,n ZoL . 
MHz Q Q 

450 0.8-j1.4 1.0- j0.8 

470 0.9-j1.4 1.1- j0.6 

500 1.0-j1.4 1.1-j0.6 

520 0.9-j1.4 1.1-j0.5 

Complex conjugate of source 
impedance. 

Complex conjugate of the load 
impedance at given output power, 
voltage, frequency, and TID> 50%. 

Note: ZoL * was chosen based on tradeoffs between gain, drain efficiency, and device stability. 

Input 
Matching 
Network 

Output 
Matching 
Network 

Figure 19. Series Equivalent Input and Output Impedance 
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I 
MHz 15,,1 

50 0.89 

100 0.90 

150 0.91 

200 0.92 

250 0.94 

300 0.95 

350 0.96 

400 0.96 

450 0.97 

500 0.97 

550 0.98 

600 0.98 

I 
MHZ 15,,1 

50 0.90 

100 0.90 

150 0.91 

200 0.92 

250 0.94 

300 0.95 

350 0.96 

400 0.96 

450 0.97 

500 0.97 

550 0.98 

600 0.98 

I 
MHz 15,,1 

50 0.94 

100 0.94 

150 0.94 

200 0.94 

250 0.95 

300 0.95 

350 0.95 

400 0.96 

450 0.96 

500 0.96 

550 0.97 

600 0.97 

Table 1. Common Source Scattering Parameters (Voo = 12.5 Vdc) 

loa= 250 rnA 

5, 5, 512 

L~ 15,1 L$ 15121 L$ 

-173 8.496 83 0.014 -26 

-175 3.936 72 0.014 -14 

-175 2.429 63 0.011 -23 

-175 1.627 57 0.010 -44 

-176 1.186 53 0.007 -16 

-176 0.888 49 0.005 -44 

-176 0.686 48 0.005 36 

-176 0.568 44 0.005 -1 

-176 0.457 44 0.004 49 

-176 0.394 44 0.003 -51 

-176 0.332 42 0.001 31 

-177 0.286 41 0.013 99 

loa=10A 

511 5,, 5,, 

L~ 152,1 L~ 15121 L$ 

-173 8.49 83 0.006 -39 

-175 3.92 72 0.009 -5 

-175 2.44 63 0.006 7 

-175 1.62 57 0.008 21 

-176 1.19 53. 0.006 8 

-176 0.89 48 0.008 3 

-176 0.69 48 0.007 48 

-176 0.57 44 0.004 41 

-176 0.46 44 0.004 43 

-176 0.39 44 0.003 57 

-176 0.33 41 0.006 62 

-177 0.28 41 0.009 96 

loa=20A 

5,, 5z1 5,, 

L~ 15,1 L~ 15,21 L~ 

-176 9.42 88 0.005 -72 

-178 4.56 82 0.005 4 

-178 2.99 78 0.003 7 

-178 2.14 74 0.005 17 

-178 1.67 71 0.004 40 

-178 1.32 67 0.007 35 

-178 1.08 67 0.005 57 

-178 0.93 63 0.003 50 

-178 0.78 62 0.007 68 

-177 0.68 61 0.004 99 

-177 0.59 58 0.008 
. 

78 

-178 0.51 57 0.009 92 

5zz 

IS22I L~ 

0.76 -170 

0.79 -170 

0.82 -170 

0.86 -170 

0.88 -170 

0.91 -171 

0.92 -170 

0.94 -171 

0.94 -172 

0.95 -171 

0.95 -173 

0.94 -173 

5zz 

15221 L$ 

0.86 -176 

0.86 -176 

0.87 -176 

0.88 -175 

0.89 -174 

0.89 -174 

0.91 -174 

0.93 -173 

0.93 -173 

0.94 -173 

0.94 -174 

0.93 -173 

5zz 

15221 L$ 

0.89 -177 

0.89 -177 

0.89 -177 

0.90 -176 

0.90 -175 

0.91 -175 

0.92 -174 

0.93 -173 

0.93 -173 

0.94 -173 

0.93 -175 

0.92 -174 
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APPLICATIONS INFORMATION 

DESIGN CONSIDERATIONS 
This device is a common-source, RF power, N-Channel 

enhancement mode, Lateral Metai-Qxide .Semiconductor 
Eield-.Effect Iransistor (MOSFET). Motorola Application 
Note AN211A, "FETs in Theory and Practice", is suggested 
reading for those not familiar with the construction and char­
acteristics of FETs. 

This surtace mount packaged device was designed pri­
marily for VHF and UHF mobile power amplifier applications. 
Manufacturability is improved by utilizing the tape and reel 
capability for fully automated pick and placement of parts. 
However, care should be taken in the design process to in­
sure proper heat sinking of the device. 

The major advantages of Lateral RF power MOSFETs in­
clude high gain, simple bias systems, relative immunity from 
thermal runaway, and the ability to withstand severely mis­
matched loads without suffering damage. 

MOSFET CAPACITANCES 
The physical structure of a MOSFET results in capacitors 

between all three terminals. The metal oxide gate structure 
determines the capacitors from gate-to-drain (C9,), and 
gate-to-source (C9,). The PN junction formed during fab­
rication of the RF MOSFET results in a junction capacitance 
from drain-to-source (Cds). These capacitances are charac­
terized as input (C;,), output (C,,) and reverse transfer 
(Crss) capacitances on data sheets. The relationships be­
tween the inter-terminal capacitances and those given on 
data sheets are shown below. The C;55 can be specified in 
two ways: 

1. Drain shorted to source and positive voltage at the gate. 

2. Positive voltage of the drain in respect to source and zero 
volts at the gate. 

In the latter case, the numbers are lower. However, neither 
method represents the actual operating conditions in RF ap­
plications. 

DRAIN CHARACTERISTICS 

Ciss = Cgd + Cgs 
Coss = Cgd + Cds 
Crss = Cgd 

One critical figure of merit for a FET is its static resistance 
in the full-on condition. This on-resistance, Ros(on)• occurs 
in the linear region of the output characteristic and is speci­
fied at a specific gate-source voltage and drain current. The 

MOTOROLA RF DEVICE DATA 

drain-source voltage under these conditions is termed 
Vos(on)· For MOSFETs, Vos(on) has a positive temperature 
coefficient at high temperatures because it contributes to the 
power dissipation within the device. 

BVoss values for this device are higher than normally re­
quired for typical applications. Measurement of BVoss is not 
recommended and may result in possible damage to the de­
vice. 

GATE CHARACTERISTICS 
The gate of the RF MOSFET is a polysilicon material, and 

is electrically isolated from the source by a layer of oxide. 
The DC input resistance is very high -on the order of 1 09 l.l 
-resulting in a leakage current of a few nanoamperes. 

Gate control is achieved by applying a positive voltage to 
the gate greater than the gate-to-source threshold voltage, 
Vos(<hi· 

Gate Voltage Rating - Never exceed the gate voltage 
rating. Exceeding the rated Vos can result in permanent 
damage to the oxide layer in the gate region. 

Gate Termination - The gates of these devices are es­
sentially capacitors. Circuits that leave the gate open-cir­
cuited or floating should be avoided. These conditions can 
result in turn-on of the devices due to voltage build-up on 
the input capacitor due to leakage currents or pickup. 

Gate Protection -These devices do not have an internal 
monolithic zener diode from gate-to-source. If gate protec­
tion is required, an external zener diode is recommended. 
Using a resistor to keep the gate-to-source impedance low 
also helps dampen transients and serves another important 
function. Voltage transients on the drain can be coupled to 
the gate through the parasitic gate-drain capacitance. If the 
gate-to-source impedance and the rate of voltage change 
on the drain are both high, then the signal coupled to the gate 
may be large enough to exceed the gate-threshold voltage 
and turn the device on. 
DC BIAS 

Since this device is an enhancement mode FET, drain cur­
rent flows only when the gate is at a higher potential than the 
source. RF power FETs operate optimally with a quiescent 
drain current (1 00), whose value is application dependent 
This device was characterized at 100 = 150 mA, which is the 
suggested value of bias current for typical applications. For 
special applications such as linear amplification, 100 may 
have to be selected to optimize the critical parameters. 

The gate is a de open circuit and draws no current. There­
fore, the gate bias circuit may generally be just a simple re­
sistive divider network. Some special applications may 
require a more elaborate bias system. 
GAIN CONTROL 

Power output of this device may be controlled to some de­
gree with a low power de control signal applied to the gate, 
thus facilitating applications such as manual gain control, 
ALC/AGC and modulation systems. This characteristic is 
very dependent on frequency and load line. 

MRF1535T1 MRF1535FT1 
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IOUNTING 
The specified maximum thermal resistance of 0.9°CIW as~ 

Jmes a majority of the 0.170" x 0.608" source contact on 
1e back side of the package is in good contact with an ap­
ropriate heat sink. As with all RF power devices, the goal of 
1e thermal design should be to minimize the temperature at 
1e back side of the package. Refer to Motorola Application 
ate AN4005/D, "Thermal Management and Mounting Meth­
d for the PLD-1.5 RF Power Surface Mount Package," and 
ngineering Bulletin EB209/D, "Mounting Method for RF 
ower Leadless Surface Mount Transistor'' for additional in­
lrmation. 
.MPLIFIER DESIGN 
Impedance matching networks similar to those used with 

ipolar transistors are suitable for this device. For examples 
ee Motorola Application Note AN721, "Impedance Matching 
letworks Applied to RF Power Transistors." Large-signal 

MRF1535T1 MRF1535FT1 
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impedances are provided, and will yield a good first pass 
approximation. 

Since RF power MOSFETs are triode devices, they are not 
unilateral. This coupled with the very high gain of this device 
yields a device capable of self oscillation. Stability may be 
achieved by techniques such as drain loading, input shunt 
resistive loading, or output to input feedback. The RF test fix­
ture implements a parallel resistor and capacitor in series 
with the gate, and has a load line selected for a higher effi­
ciency, lower gain, and more stable operating region. 

Two-port stability analysis with this device's 
S-parameters provides a useful tool for selection of loading 
or feedback circuitry to assure stable operation. See 
Motorola Application Note AN215A, "RF Small-Signal 
Design Using Two-Port Parameters" for a discussion of two 
port network theory and stability. 
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PACKAGE DIMENSIONS 

4Xb2 ~I 
It~' I aaa ®I DiAl 

01 r 
lti'laaa@loiAI ,- 1 

E1 

2xb1i sll 
l$laaa@loiAI 1

1- \ 

Ll\ 

I jiL I 
fll+ '- I 
IYU' I 'J 

L---------,--+-~--
1 

I 

·I 

1----E---~ 

6 

DATUM 
PLANE 

~RF1535T1 MRF1535FT1 
14 

A 

SlYLE 1: 
PIN t SOURCE (COMMON) 

2. DRAIN 
3. SOURCE (COMMON) 
4. SOURCE (COMMON) 
5. GATE 
6. SOURCE (COMMON) 

CASE 1264-08 
ISSUE H 
T0-272 
PLASTIC 

MRF1535T1 

VIEWY-Y 

NOTES: 
1. CONTROLUNG DIMENSION: INCH. 
2. INTERPRET DIMENSIONS AND TOLERANCES 

PERASMEY14.5M, 1994. 
3. DATUM PLANE -H-IS LOCATED AT TOP OF LEAD 

AND IS COINCIDENT WITH THE LEAD WHERE 
THE LEAD EXITS THE PLASTIC BODY AT THE 
TOP OF THE PARTING UNE. 

4. DIMENSION 0 ANDEl DO NOT INCLUDE MOllJ 
PROTRUSION. ALLOWABLE PROTRUSION IS 
0.006 PER SIDE. DIMENSION D AND E1 DO 
INCLUDE MOLD MISMATCH AND ARE 
DETERMINED AT DATUM PlANE -H-. 

5. DIMENSIONS bl AND b3 DO NOT INCLUDE 
DAM BAR PROTRUSION. ALLOWABLE DAMBAR 
PROTRUSION SHALL BE 0.005 TOTAL IN EXCESS 
OF THE bl AND b2 DIMENSIONS AT MAXIMUM 
MATERIAL CONDITION. 

6. CROSSHATCHING REPRESENTS THE EXPOSED 
AREA OF THE HEAT SLUG 

INCHES MILUMETERS 
DIM MIN MAX MIN MAX 
A 0.098 0.110 2.489 2.794 

A1 0.000 0.004 0.000 0.102 
A2 0.098 0.106 2.469 2.692 
D 0.926 0.934 23.520 23.724 
D1 0.806 0.814 20.472 20.676 
E 0.296 0.304 7.518 7.722 

E1 0.246 0.2S4 6248 6.452 
L 0.060 0.070 1.524 1.778 

b1 0.193 0.199 4.902 5.055 
b2 0.076 0.064 1.981 2.134 
b3 0.088 0.094 2.235 2.388 

" 0.007 0.011 0.178 0.279 

• 0.193 BSC 4.902 BSC ,, 0.063 0.068 1.600 1.727 

' O' 
,, O' 6' ... 0.004 0.102 
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rDRAINID 
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STYLE 1: 
PIN1. SOURCE(COMMON) 

2. DRAIN 
3. SOURCE (COMMON) 
4. SOURCE (COMMON) 
5. GATE 
6. SOURCE (COMMON) 

CASE 1264A-02 
ISSUE A 

T0-272 STRAIGHT LEAD 
PLASTIC 

MRF1535FT1 

VIEWY-Y 

NOTES: 
1. CONTROLUNG DIMENSION: INCH. 
2. INTERPRET DIMENSIONS AND TOLERANCES 

PER ASME Y14.5M, 1994. 
3. DIMENSIONS D AND E1 DO NOT INCLUDE MOLD 

PROTRUSION. ALLOWABLE PROTRUSION IS 
0.006 PER SIDE. DIMENSIONS D AND E1 DO 
INCLUDE MOLD MISMATCH AND ARE 
DETERMINED AT DATUM PLI\NE -H-. 

4. DIMENSIONS bl AND b3 DO NOT INCLUDE 
DAM BAR PROTRUSION. ALLOWABLE DAMBAR 
PROTRUSION SHALL BE 0.005 TOTAL IN EXCESS 
OF THE b1 AND b2 DIMENSIONS AT MAXIMUM 
MATERIAL CONDITION. 

5 CROSSHATCHING REPRESENTS THE EXPOSED 
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;IM3_Model {851M3 MOSFET Model) 

mbol 

rameters 

1del parameters must be specified in SI units. 

Table 5-4. BSIM3_Model Parameters 

rameter Description Units 

AOS N-channel type model 

ws P-channel type model 

;mod Ids model 

rsion model version 

>bmod mobility model selector 

1pmod capacitance model selector 

1imod noise model selector 

ramchk model parameter checking selector 

1unit bin unit selector 

I gate resistance ohms 

>h drain and source diffusion sheet ohms/sq 
resistance 

bulk P-N emission coefficient 

junction current temp. exponent 

gate saturation current Afm2 

N sidewall junction reverse saturation Afm2 
current 

It length offset fitting parameter m 

coefficient of length dependence for mLln 

length offset 

~alculated parameter 

:l BSIM3_Model (BSIM3 MOSFET Model} 

Default 

yes 

no 

8 

3.2.2 

1 

1 

1 

0 

1 

0 

0.0 

1.0 

3.0 
10-4 

0.0 

0.0 

0.0 



Table 5-4. BSIM3_Model Parameters (continued) 

rameter Description Units Default 

I power of length dependence of length 1.0 
offset 

, coefficient of width dependence for mLwn 0.0 
length offset 

•n power of width dependence of length 1.0 
offset 

•I coefficient of length and width cross m(Lwn+Lln) 0.0 
term for length offset 

nt width offset fitting parameter m 0.0 

coefficient of length dependence for mWln 0.0 
width offset 

n power of length dependence of width 1.0 
offset 

N coefficient of width dependence for mWwn 0.0 
width offset 

Nn power of width dependence of width 1.0 
offset 

Nl coefficient of length and width cross m(Wwn+Wln) 0.0 
term for width offset 

om parameter measurement temp. oc 25 

K oxide thickness m 1.5 X 10-8 

zero-bias bulk junction bottom F/m2 5.o x 1o-4 
capacitance 

bulk junction bottom grading coefficient 0.5 

)W zero-bias bulk junction sidewall F/m 5.0 X 10-IO 
capacitance 

SW bulk junction sidewall grading 0.33 
coefficient 

' bulk junction potential v 1.0 

'SW sidewall junction potential v 1.0 

:alculated parameter 
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Table 5-4. BSIM3_Model Parameters (continued) 

rameter Description Units Default 

doping depth m 1.55x1o-7 

m maximum applied body bias v -5.0 

X Vth transition body voltage v t 

metallurgical junction depth m 1.5x1o-7 

lg coefficient of Weft's gate dependence mN 0.0 

lb coefficient of Weft's body dependence mN012) 0.0 

h channel doping concentration 1/cm3 1.7x1017 

ub substrate doping concentration 1/cm3 6.0 X 1016 

ate poly-gate doping concentration 1/cm3 t 

mma1 body effect coefficient near interface y{l/2) t 

mma2 body effect coefficient in the bulk y(l/2) t 

•haO 1st parameter of impact ionization mN 0.0 
current 

taO 2nd parameter of impact ionization v 30.0 
current 

10 zero-bias threshold voltage v t 

first order body effect coefficient y(l/2) t 

second order body effect coefficient t 

narrow width effect coefficient 80.0 

b body effect coefficient of K3 1N 0.0 

I narrow width effect W offset m 2.5 x 1o-6 

lateral non-uniform doping effect m 1.74 X 10-7 

tO short channel effect coefficient 0 2.2 

t1 short channel effect coefficient 1 0.53 

t2 short channel effect coefficient 2 1N -0.032 

tOw narrow width effect coefficient 0 1/m 0.0 

t1w narrow width effect coefficient 1 1/m 5.3 X 106 

alculated parameter 

BSIM3_Model (BSIM3 MOSFET Model) 



Table 5-4. BSIM3_Model Parameters (continued) 

rameter Description Units Default 

t2w narrow width effect coefficient 2 1/V -0.032 

ISO gate-source overlap capacitance, per F/m t 
channel width 

I dO gate-drain overlap capacitance, per F/m t 
channel width 

ibO gate-bulk overlap capacitance, per F/m 0.0 
channel length 

art flag for channel charge partition 0.0 

:JUt DIBL effect on Rout coefficient 0.56 

ub DIBL effect coefficient in subthreshold (fixed by Drout) 
region 

I linear Vgs dependence of mobility m/V 2.25 x 10-9 

11 temperature coefficient of Ua m/V 4.31 x 1o-9 

I quadratic Vgs dependence of mobility (mJV)2 5.87 X 10-19 

·1 temperature coefficient of Ub (mJV)2 -7.61 X 10-18 

body-bias dependence of mobility mJV2 -4.65x1o-11 Mobmod 
1/V =1 ,2-0.0465 

Mobmod=3 

1 temperature coefficient of Uc mJV2 -5.6x1 o-11 
1/V Mobmod=1 ,2 -0.056 

Mobmod=3 

low-field mobility at T=Tnom cm2Ns 670.0 NMOS 
250.0 PMOS 

~ temperature coefficient of mobility -1.5 

sw source drain resistance per width ohms x J.lmWr 0.0 

IVg gate bias effect coefficient of Rdsw 1/V 0.0 

iVb body effect coefficient of Rdsw 1/V 0.0 

width dependence of Rds 1.0 

temperature coefficient of Rdsw ohms x 11m 0.0 

at saturation velocity at T=Tnom m/s 8.0 X 104 

:alculated parameter 
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Table 5-4. BSIM3_Model Parameters (continued) 

rameter Description Units Default 

temperature coefficient of Vsat m/s 3.3 X 104 

bulk charge effect coefficient for 1.0 
channel length 

ta body-bias coefficient of bulk charge 1N -0.047 

s gate bias coefficient of Abulk 1N 0.0 

first non-saturation factor for PMOS 1N 0.0 

second non-saturation factor for PMOS 1.0 

bulk charge effect coefficient for m 0.0 
channel width 

bulk charge effect width offset m 0.0 

ff threshold voltage offset v -0.08 

lctor subthreshold swing factor 1.0 

sc DIS and channel coupling capacitance F/m2 2.4 X 10-4 

scb body-bias dependence of Cdsc FN/m2 0.0 

sed drain-bias dependence of Cdsc FN/m2 0.0 

interface state capacitance F/m2 0.0 

lO subthreshold region DIBL coefficient 0.08 

lb body-bias coefficient for DIBL effect 1N -0.07 

lm channel-length modulation coefficient 1.3 

iblc1 first Rout DIBL effect coefficient 0.39 

iblc2 second Rout DIBL effect coefficient 0.0086 

iblcb body effect coefficient of DIBL 1N 0 
correction parameters 

cbe1 first substrate current body effect V/m 4.24 X 108 

c:be2 second substrate current body effect mN 10-5 

ag Vg dependence of Rout coefficient 0.0 

Ita effective Vds parameter v 0.01 

I temperature coefficient of Vth v -0.11 

:alculated parameter 
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Table 5-4. BSIM3_Model Parameters (continued) 

rameter Description Units Default 

11 channel length sensitivity of Kt1 Vxm 0.0 

2 body bias coefficient of Kt1 0.022 

lSI light doped source-gate region overlap F/m 0.0 
capacitance 

ldl light doped drain-gate region overlap F/m 0.0 
capacitance 

appa coefficient for lightly doped region F/m 0.6 
overlap capacitance 

fringing field capacitance F/m 

' constant term for short channel model m 0.1 X 10-6 -
~ exponential term for short channel 0.6 

' length offset fitting parameter from C-V m Lint -
~c width offset fitting parameter from C-V m Wint 

ev Noise model level -1 

lwnoi Drain noise parameters for Nlev=3 1 

flicker (1/f) noise coefficient 0.0 

flicker (1/f) noise exponent 1.0 

flicker (1/f) noise frequency exponent 1.0 

1 flicker (1/f) noise parameter V/m 4.1 X 107 

'ia noise parameter A 1.0 x 1020 NMOS 
9.9 x 1018 PMOS 

lib noise parameter B 5.0 x 104 NMOS 
2.4 x 103 PMOS 

>ic noise parameter C -1.4 x 10-12 NMOS 
1.4 x 1012 PMOS 

ax explosion current A 10.0 

'subfwd substrate junction forward bias (warning) v infinite 

,vsub substrate junction reverse breakdown v infinite 
voltage (warning) 

:alculated parameter 
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Table 5-4. BSIM3_Model Parameters (continued) 

rameter Description Units Default 

:vg gate oxide breakdown voltage (warning) v infinite 

ivds drain-source breakdown voltage (warning) v infinite 

Jsmax maximum drain-source current (warning) A infinite 

Km gate oxide thickness tox value at which m 
parameters are extracted 

) DC flat-band voltage v t 

Iff CV parameter in VgsteffCV for 1.0 
weak-to-strong inversion region 

ffcv CV parameter in VgsteffCV for 1.0 
weak-to-strong inversion region 

I diode limiting current A t 

)ha1 substrate current parameter 1N 0.0 

de exponential coefficient for charge mN 1.0 
thickness in the accumulation and 
depletion regions 

)in coefficient for the gate-bias dependent v(li2J 15.0 
surface potential 

b temperature coefficient of pb V/K 0.0 

bsw temperature coefficient of pbsw V/K 0.0 

bswg temperature coefficient of pbswg V/K 0.0 

j temperature coefficient of cj 1/K 0.0 

jsw temperature coefficient of cjsw 1/K 0.0 

jswg temperature coefficient of cjswg 1/K 0.0 

: coefficient of length dependence for CV mLln DC Ll 
channel length offset 

IC coefficient of width dependence for CV mLwn DCLw 
channel length offset 

lie coefficient of length and width mLwn+ LLn DCLwl 
cross-term for CV channel length offset 

~alculated parameter 
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Table 5-4. BSIM3_Model Parameters (continued) 

rameter Description Units Default 

c coefficient of length dependence for CV mWln DC WI 
channel width offset 

r.JC coefficient of width dependence for CV mWwn DCWw 
channel width offset 

wlc coefficient of length and width mWln+Wwn DCWwl 
cross-term for CV channel width offset 

•max maximum power dissipation (warning) w infinite 

m area calculation method 10 

I cacm flag to use Acm when Acm=12 0 

if length of heavily doped diffusion m 0 
(ACM=2,3 only) 

f length of lightly doped diffusion adja- m 0 
cent to gate (ACM=1 ,2) 

nit width diffusion layer shrink reduction 1 
factor 

accounts for masking and etching m 0 
effects 

accounts for masking and etching m 0 
effects 

c additional drain resistance due to con- Ohms 0 
tact resistance 

~ additional source resistance due to Ohms 0 ~ 

contact resistance 

>CV flat-band voltage parameter for cap- F/m -1.0 
mod=O only 

~mod BSIM3 charge model (0 for Berkeley, 1 0 
for Hspice Capmod = 0) 

wg S/D (gate side) sidewall junction capac- F/m Cjsw 
itance 

>Wg SID (gate side) sidewall junction built in v Mjsw 
potential 

alculated parameter 
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Table 5-4. BSIM3_Model Parameters (continued) 

rameter Description Units Default 

swg SID (gate side) sidewall junction grad- Pbsw 
ing coefficient 

bulk junction saturation current A 1e-14 

1smod non-quasi-static model selector 0 

n non-quasi-static Elmore constant 5.0 
parameter 

I drain resistance Ohms 0 

source resistance Ohms 0 

~mod flicker noise model selector 0 

lV temperature equation selector (0/1/2/3) 0 

lVC temperature equation selector for 0 
capacitance (0/1/2/3) 

band gap eV 1.16 

ip1 energy gap temperature coefficient V/°C 7.02e-4 
alpha 

lp2 energy gap temperature coefficient K 1108 
beta 

3 Cj linear temperature coefficient 1/°C 0 

J Cjsw linear temperature coefficient 1/°C 0 

3 Vj linear temperature coefficnet 1/°C 0 

) Vjsw linear temperature coefficient 1/°C 0 

I Rd linear temperature coefficient 1/°C 0 

; Rs linear temperature coefficient 1/°C 0 

nin binning minimum width (not used for m 0 
binning; use BinModel) 

nax binning maximum width (not used for m 1 
binning; use BinModel) 

1in binning minimum length (not used for m 0 
binning; use BinModel) 

:alculated parameter 
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Table S-4. BSIM3_Model Parameters (continued) 

rameter Description Units Default 

1ax binning maximum length (not used for m 1 
binning; use BinModel) 

lParams DataAccessComponent -based 
parameters 

~alculated parameter 

tes/Equations/References 

1. Nqsmod is also supported as an instance parameter. For simulation, only the 
Nqsmod instance parameter is used; the Nqsmod model parameter is not used. 
This is the way Berkeley defined Nqsmod in BSIM3v3.2. Hspice supports 
Nqsmod only as a model paramete 

2. This model supplies values for a MOSFET device. The default Version is 3.2.2. 
The previous version can be used by setting the Version parameter to 3.0, 3.1, 
3.2, or 3.2.1. 

3. BSIM1, BSIM2, and BSIM3 MOSFET models use the same parameters and 
parameter definitions as the BSIM models in SPICE3 (University of 
California-Berkeley). 

4. The nonquasi-static (NQS) charge model is supported in versions 3.2 and later. 

5. Model parameter UO can be entered in meters or centimeters. UO is converted 
to m2N sec as follows: if UO > 1, it is multiplied by I0-4. 

6. Use AllParams with a DataAccessComponent to specify file-based parameters 
(refer to DataAccessComponent). Note that model parameters that are 
explicitly specified take precedence over those specified via AllParams. Set 
AllParams to the DataAccessComponent instance name. 

7. DC operating point data is generated for this model. If a DC simulation is 
performed, device operating point data can be viewed for a component. The 
procedure for doing this is described in the Circuit Simulation manual. The 
device operating point information that is displayed for the BSIM3 model is: 

1b Small-signal Vbs to Ids transconductance, in Siemens 

s Small-signal drain source conductance, in Siemens 

BSIM3_Model (BSIM3 MOSFET Model) 5-19 
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!sat 

ipbd 

1pbs 

1dM 

ibM 

ISM 

1gDvgb 

1gDvdb 

1gDvsb 

1bDvgb 

ibDvdb 

1bDvsb 

!dDvgb 

1dDvdb 

!dDvsb 

Saturation voltage, in Volts 

Small-signal bulk drain capacitance, in Farads 

Small-signal bulk source capacitance, in Farads 

Small-signal gate drain Meyer capacitance, in Farads 

Small-signal gate bulk Meyer capacitance, in Farads 

Small-signal gate source Meyer capacitance, in Farads 

Small-signal transcapacitance dQg/dVg, in Farads 

Small-signal transcapacitance dQg/dVd, in Farads 

Small-signal transcapacitance dQg/dVs, in Farads 

Small-signal transcapacitance dQb/dVg, in Farads 

Small-signal transcapacitance dQb/dVd, in Farads 

Small-signal transcapacitance dQb/dVs, in Farads 

Small-signal transcapacitance dQd/dVg, in Farads 

Small-signal transcapacitance dQd/dVd, in Farads 

Small-signal transcapacitance dQd/dVs, in Farads 

l BSIM3_Model (BSIM3 MOSFET Model) 



iiM3SOI_Model (BSIM3 Silicon On Insulator MOSFET Model) 

mbol 

rameters 

tdel parameters must be specified in SI units. In some cases, parameters that are 
1ply geometric variations of a listed parameter, such as L, W, or P, are not listed in 
stable. 

Table 5-5. BSIM3SOI Parameters 

rameter Description Units Default 

~OS N-channel type model yes 

ms P-channel type model no 

tpmod short-channel capacitance model 2 
selector 

)bmod mobility model selector 1 

1imod noise model selector 1 

mod self-heating mode selector; 0 = no 0 
self-heating, 1 = self-heating 

I mod dynamic depletion mode selector 0 

nod gate current model selector 0 

ramchk model parameter checking selector 0 

1unit Bin unit selector 1 

rsion model version 2.0 

( gate oxide thickness m 1.0e-8) 

sc drain, source, and channel coupling F/mA2 2.4e-4 
capacitance 

sccb body effect coefficient of Cdsc F/(V*mA2) 010 

sed drain bias dependence of Cdsc F/(V*mA2 0.0 

:alculated parameter 
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Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

capacitance due to interface change F/(V*mA2 1.0 

~ctor subthreshold swing factor 0.0 

at saturation velocity at temp, m/s m/s 8.0e4 

temperature coefficient for saturation m/s 3.3e4 
velocity 

) bulk change effect coefficient 1.0 

s gate bulk coefficient of Abulk VA-1 0.0 

first saturation factor VA-1 0.0 

second non-saturation factor 1.0 

ta body-bias coefficient of the bulk charge VA-1 -0.6 
effect 

ub substrate doping concentration with em 6.0e16 
polarity 

h Channel doping concentration cmA-3 17e17 

ate poly-gate doping concentration cmA-3 0 

1mma1 body-effect coefficient near the VA(1/2) t 
interface 

1mma2 body-effect coefficient in the bulk VA(1/2) t 

X Vth transition body voltage v t 

m maximum body voltage v -3.0 

doping depth m 1.55e-7 

body-effect coefficient VA(1/2) 0.5 

I temperature coefficient for threshold v -0.11 
voltage, 

11 channel length sensitivity of ktl V+m 0.0 

) body-bias coefficient 0.022 

bulk effect coefficient 2 0.0 

narrow width coefficient 0.0 

b body effect coefficient of K3 VA-1 0.0 

~alculated parameter 
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Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

) narrow width 0.0 

X lateral non-uniform doping coefficient m 1.74e-7 

tO first coefficient of short-channel effect 2.2 
on Vth 

t1 first coefficient of short-channel effect 0.53 
on Vth 

t2 body-bias coefficient of short-channel V"-1 -0.032 
effect on Vth 

tOw first coefficient of narrow-width effect 0.0 
on Vth 

t1w first coefficient of narrow-width effect m"1 5.3e6 
on Vth 

t2w second coefficient of narrow-width m"1 5.3e6 
effect on Vth 

JUt L depend 0.56 

ub BL coefficient in sub-threshold region Drout 

10 zero-bias threshold voltage 0.7 (NMOS), -0.7 
(PMOS) 

first-order mobility degradation mN 2.25e-9 
coefficient 

1 temperature coefficient of Ua mN 4.31e-9 

second-order mobility degradation (mN)2 5.87e-19 
coefficient 

1 temperature coefficient of Ub (mN) 2 -7.61e-18 

body-bias mobility degradation V"-1 -0.0465 
coefficient 

1 temperature coefficient of Uc V"-1 -0.056 

low-field mobility at T=Tnom m"2/(V*s) 0.067 NMOS 
0.025 PMOS 

~ temperature coefficient of mobility -1.5 

:alculated parameter 
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Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

,ff Offset voltage in sub-threshold region v 0.08 

10m measurement temperature c 25 

JdO G-D overlap capacitance per meter F/m t 
channel width 

1art coefficient of channel charge share 0.0 

llta effective Vds v 0.01 

;h drain and source diffusion sheet Ohm/Sq 0.0 
resistance 

lsw parasitic resistance per unit width Ohms*umAWr 0.0 

wg gate bias effect on parasitic resistance VA-' 0.0 

wb body effect on parasitic resistance VA-(1/2) -0.047 

t temperature coefficient of parasitic Ohms*um 0.0 
resistance 

30 sub-threshold region DIBL coefficient 0.08 

3b second non-saturation factor for PMOS VA-1 -0.07 

lm channel-length modulation effect 1.3 
coefficient 

liblc1 drain induced barrier lowering effect 0.39 
coefficient 1 

liblc2 drain induced barrier lowering effect v -0.086 
coefficient 1 

liblc2b body effect on drain induced barrier VA-1 0.0 
lowering 

ag gate voltage dependence of Rout 0.0 
coefficient 

ox back gate oxide thickness m 3.0e-7 

i silicon-on-insulator thickness m 1.0e-7 

metallurgical junction depth m Tsi 

hO selfcheating thermal resistance Ohms 0.0 

~alculated parameter 
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Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

10 self-heating thermal capacitance F 0.0 

lidi GIDL first parameter v 1.2 

idi GIDL second parameter OhmA-1 0.0 

idi GIDL third parameter VIm 0.0 

liode diode non-ideality factor 1.0 

jt temperature coefficient for lsbjt 1.0 

if temperature coefficient for lsdif 1.0 

3C temperature coefficient for lsrec 1.0 

Jn temperature coefficient for lstun 0.0 

swg SID (gate side) sidewall junction built-in v 0.07 
potential 

>wg SID (gate side) sidewall junction 0.5 
grading coefficient 

;wg SID (gate side) sidewall junction m l.Oe-10 
capacitance 

It length reduction parameter m 0.0 

coefficient of length dependence for m 0.0 
length offset 

I power of length dependence of length m 1.0 
offset 

' coefficient of width dependence for m 0.0 
length offset 

·n power of width dependence for length m 1.0 
offset 

•I coefficient of lenth and width cross m 0.0 
term length offset 

width dependence of Rds 1.0 

nt width reduction parameter m 0.0 

tg coefficient of Weff's gate dependence mN 0.0 

:alculated parameter 
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Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

tb coefficient of Weff's substrate body m/VA(-1/2) 0.0 
bias dependence 

1 coefficient of length dependence for m 0.0 
width offset 

n power of length dependence for width 1.0 
offset 

"' coefficient of width dependence for m 0.0 
width offset 

f'.ln power of width dependence for width 1.0 
offset 

lVI coefficient of length and width cross m 0.0 
term width of offset 

) bulk charge coefficient for channel m 0.0 
width 

bulk charge effect width offset m 0.0 

sl light doped source-gate region overlap F/m 0.0 
capacitance 

appa coefficient for light doped source-gate F/m 0.0 
region overlap capacitance 

fringing field capacitance F/m t 

: constant term for the short channel m 0.1e-7 
model 

l exponential term for the short channel 0.0 
model 

IC width offset fitting parameter from C-V m Wint 

length offset fitting parameter from C-V m Lint 

haO first parameter of impact ionization current m!V 0.0 

a noise parameter A 1.0e20 (NMOS), 9.9e18 
(PMOS) 

b noise parameter B 5.0e4(NMOS), 2.4e3 
(PMOS) 

alculated parameter 
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Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

ic noise parameter C -1 ,4e-12 (NMOS), 
-1 ,4e-12 (PMOS) 

1 flicker (1/f) noise parameter VIm 4.1e-7 

flicker (1/f) noise frequency exponent v 1.0 

flicker (1/f) noise exponent 1.0 

flicker (1/f) noise coefficient 0.0 

,if floating body noise ideality factor 1.0 

w1 first body effect with dependent m 0.0 
parameter 

w2 second body effect with dependent m 0.0 
parameter 

tas surface potential adjustment for bulk v 0.0 
charge effect 

1bc width offset for body contact isolation m 0.0 
edge 

tao first Vds parameter of impact isolation VA-1 0.0 
current 

ta1 second Vds parameter of impact 0.0 
isolation current 

ta2 third Vds parameter of impact isolation v 0.0 
current 

satiiO nominal drain saturation voltage at v 0.9 
threshold for impact ionization current 

temperature dependent parameter for 0.0 
impact ionization 

i channel length dependent parameter 0.0 
threshold for impact ionization 

D first Vgs dependent parameter for VA-1 0.5 
impact ionization current 

1 second Vgs dependent parameter for VA-1 0.1 
impact ionization current 

:alculated parameter 
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Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

2 third Vgs dependent parameter for VA-1 0.1 
impact ionization current 

:J Vgs dependent parameter for impact VA-1 0.1 
ionization current 

itii fraction of bipolar current affecting the 0.0 
impact ionization 

alii saturation electric field for impact V/m 1.0e7 
ionization 

m reverse tunneling new-ideality factor 10.0 

!CfO recombination non-ideality factor at 2.0 
forward bias 

lcro recombination non-ideality factor at 10.0 
reversed bias 

t BJT injection saturation current AfmA2 1.0e-6 

f Body to source/drain injection saturation AfmA2 0.0 
current 

lC recombination in depletion saturation AfmA2 1.0e-6 
current 

1n reverse tunneling saturation current AfmA2 0.0 

electron/hole diffusion length m 2.0e-6 

!CO voltage dependent parameter for v 0.0 
recombination current 

1nO voltage dependent parameter for v 0.0 
tunneling current 

it power coefficient of channel length 1.0 
dependency for bipolar current 

tO channel length for bipolar current m 0.2e-6 

fO channel length dependency coefficient 1.0 
of diffusion cap 

Jjt early voltage for bipolar current v 10.0 

alculated parameter 
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Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

ly channel length dependency of early V/m 10.0 
voltage for bipolar current 

li high level injection parameter for 0.0 
bipolar current 

IOdy intrinsic body sheet resistance OhmfmA2 0.0 

ISh extrinsic body sheet resistance OhmfmA2 0.0 

leO capacitance per unit channel length F/m 0/0 

diffusion capacitance transit time s 1.0e-12 
coefficient 

I if power coefficient of channel length -1.0 
dependency for diffusion capacitance 

dfb capacitance flatband voltage v t 

dth capacitance threshold voltage v t 

dmin source/drain bottom diffusion minimum F t 
capacitance 

:1 source/drain bottom diffusion smoothing 0.3 
parameter 

esw source/drain sidewall fringing capacitance F/m 0/0 
per unit channel length 

ecf temperature coefficient for Ncref 0.0 

·ecr temperature coefficient for Ncrer 0.0 

:b length offset fitting parameter for body m Lint 
charge 

ody scaling factor for body charge 1.0 

jswg temperature coefficient of Cjswg KA-1 0.0 

bswg temperature coefficient of Pbswg V/K 0.0 

de exponential coefficient for finite charge mN 1.0 
thickness 

1in coefficient for gate-bias dependent VA(1/2) 15.0 
surface potential 

:alculated parameter 
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Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

•lvt threshold voltage adjust for CV, V 0.0 

1 coefficient of VbsO dependency on Ves 1.0 

lg length offset fitting parameter for backgate m 0.0 
charge 

<qm effective oxide thickness considering m Tox 
quantum effect 

hO minimum width for thermal resistance m 0.0 
calculation 

1alo Body halo sheet resistance Ohms 1.0e15 

ox power term of gate current 1.0 

xref target oxide thickness m 2.5e-9 

lg effective bandgap in gate current v 1.2 
calculation 

Nb valence-band electron non-ideality v 3.0 
factor 

)hagb1 first Vox dependent parameter for gate 0.35 
current in inversion 

ltagb2 second Vox dependent parameter for 0.03 
gate current in inversion 

Jb1 third Vox dependent parameter for gate 300.0 
current in inversion 

lCb condition-band electron non-ideality 1.0 
factor 

phagb2 first Vox dependent parameter for gate 0.43 
current in accumulation 

ltagb2 second Vox dependent parameter for 0.05 
gate current in accumulation 

Jb2 third Vox dependent parameter for gate 17.0 
current in accumulation 

:::alculated parameter 

:0 BSIM3SOI_Model (BSIM3 Silicon On Insulator MOSFET Model} 



Table 5-5. BSIM3SOI Parameters (continued) 

rameter Description Units Default 

xh limit of Vox in gate current calculation v 5.0 

dtavox Smoothing parameter in the Vox v 0.005 
smoothing function 

~alculated parameter 

tes 

1. BSIMSOI is a deep submicron, silicon-on-insulator MOSFET device model for 
SPICE engines. it is developed by the BSIM Group under the direction of 
Professor Chenming Hu in the Department of Electrical Engineering and 
Computer Sciences at the University of California, Berkeley. BSIMSOI is 
closely related to the industry standard bulk MOSFET model, BSIM. 

2. BSIMDP2.2 is the new version of the Partial Depletion SOl MOSFET model, 
BSIMPD2.2. The gate-body tunneling (substrate current) is added in this 
release to enhance the model accuracy. BSIMDP2.2 information can be found on 
the BSIMSOI website (http:/ /www-device.eecs.berkeleyedu/ -bsimsoi). 
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iiM3 Silicon On Insulator Transistor, Floating Body (NMOS and PMOS) 

IM3SOI_NMOS (851M3 SOl Transistor (Floating Body), NMOS 
IM3SOI_PMOS (851M3 SOl Transistor (Floating Body), PMOS,) 

mbol 

·a meters 

del parameters must be specified in SI units 

del =model instance name 

1gth =channel length in urn, mm, em, meter, mil, or in (default: 5.0e-6) 

jth =channel width in urn, mm, em, meter, mil, or in (default: 5.0e-6) 

=area of drain diffusion, in m"2 (default: 0.0) 

=area of source diffusion, in m"2 (default: 0.0) 

=perimeter of the drain junction, in m (default: 0.0) 

=perimeter of the drain junction, in m (default: 0.0) 

i = number of squares of the drain diffusion (default: 1.0) 

; =number of squares of the source diffusion (default: 1.0) 

l = number of squares in body (default: 1.0) 

::~ff = BJT on/off flag (yes = 1, no = 0; default: no) 

tO = instance thermal resistance in Ohms (default: model RthO) 

tO =instance thermal resistance in F (default: model CthO) 

: = number of body contact insulation edge (default: 0.0) 

~g = number segments for width partitioning (default: 1.0) 

>cp =perimter length for be parasitics at drain side (default: 0.0) 

•cp =perimter length for be parasitics at source side (default: 0.0) 

BSIM3 Silicon On Insulator Transistor, Floating Body (NMOS and PMOS) 



bcp =gate to body overlap area for be parasitics, in m/\2 (default: 0.0) 

bcp =substrate to body overlap area for be parasitics, in m/\2 (default: 0.0) 

susr = Vbs specified by the user, in V (default: Vbs) 

mp =device operating temperature, Celsius (default: 25.0) 

1de = simulation mode for this device (default: nonlinear) 

ise =noise generation option (yes = 1, no = 0; default: yes) 

[=number of devices in parallel (default: 1) 
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VEL3_Model (MOSFET Level-3 Model) 

nbol 

a meters 

jel parameters must be specified in SI units. 

Table 5-9. LEVEL3_Model Parameters 

rameter Description Unit 

vi OS N-channel model 

tiOS P-channel model 

>mod IDS model 

tpmod capacitance model selector 

ot zero-bias threshold voltage v 
,t transconductance coefficient AN2 

tmma bulk threshold -vv 
lit surface potential v 
l drain ohmic resistance ohms 

source ohmic resistance ohms 

ldt zero-bias bulk -drain junction capacitance F 

1St zero-bias bulk-source junction capacitance F 

bulk junction saturation current A 

,t bulk junction potential v 
~so gate-source overlap capacitance per meter of F/m 

channel width 

Default 

yes 

no 

3 

1 

0.0 

2xlo-5 

0.0 

0.6 

0.0 

0.0 

0.0 

0.0 

10-14 

0.8 

0.0 

'arameter value varies with temperature based on Tnom of model and Temp of 
vice. 

Value of 0.0 is interpreted as infinity. 
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Table 5-9. LEVEL3_Model Parameters (continued) 

rameter Description Unit Default 

•do 
' 

gate-drain overlap capacitance per meter of F/m 0.0 
channel width 

rho 
' 

gate-bulk overlap capacitance per meter of F/m 0.0 
channel length 

h drain and source diffusion sheet resistance ohms/sq 0.0 

t zero-bias bulk junction bottom capacitance per F/m2 0.0 
square meter of junction area 

i bulk junction bottom grading coefficient 0.5 

swt zero-bias bulk junction periphery capacitance F/m 0.0 
per meter of junction perimeter 

jsw bulk junction periphery grading coefficient 0.33 

t bulk junction saturation current per square A/m2 0.0 
meter of junction area 

X oxide thickness m lQ-7 

;ub substrate (bulk) doping density 1/cm3 0.0 

;s surface state density 1/cm2 0.0 

's fast surface state density 1/cm2 0.0 

)g gate material type: O=aluminum; 1 
-l=same as substrate; !=opposite substrate 

metallurgical junction depth m 0.0 

l lateral diffusion length m 0.0 

)t surface mobility cm2/(Vxs) 600.0 

nax carriers maximum drift velocity m/s 0.0 

[C coefficient of channel charge share 1.0 

.ev Noise model level -1 

'arameter value varies with temperature based on Tnom of model and Temp of 
vice. 
Value of 0.0 is interpreted as infinity. 
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Table 5-9. LEVEL3_Model Parameters (continued) 

·a meter Description Unit Default 

lwnoi Drain noise parameters for Nlev=3 1 

flicker noise coefficient 0.0 

flicker noise exponent 1.0 

bulk junction forward-bias depletion 0.5 
capacitance coefficient 

Ita width effect on threshold voltage 0.0 

eta mobility modulation 1/V 0.0 

a static feedback 0.0 

Lppa saturation field factor 0.2 

' 
gate ohmic resistance ohms 0.0 

Is drain-source shunt resistance ohms infinitytt 

LOffi nominal ambient temperature at which these oc 25 
model parameters were derived 

bulk P-N emission coefficient 1.0 

bulk P-N transit time sec 0.0 

0 Flicker noise frequency exponent 1.0 v 

Lax explosion current A 10.0 

/subfwd substrate junction forward bias (warning) v infinite 

3vsub substrate junction reverse breakdown voltage v infinite 
(warning) 

3vg gate oxide breakdown voltage (warning) v infinite 

3vds drain-source breakdown, voltage (warning) v infinite 

dsmax maximum drain-source current (warning) A infinite 

~max maximum power dissipation (warning) w infinite 

lParams DataAccessComponent-based parameters 

'arameter value varies with temp¢rature based on Tnom of model and Temp of 
vice. 
Value of 0.0 is interpreted as infinity. 
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es/Equations/References 

l. The simulator provides three MOSFET device models that differ in formulation 
of I-V characteristics. LEVEL3_Model is a semi-empirical model derived from 
[1]. 

~. LEVEL3_Model includes second order effects such as threshold voltage shift, 
mobility reduction, velocity saturation, channel length modulation, and 
subthreshold conduction. 

3. Parameters Vto, Kp, Gamma, Phi, and Lambda determine the de 
characteristics of a MOSFET device. Program will compute these parameters 
(except Lambda) if, instead of specifying them, you specify the process 
parameters Tox, Uo, Nsub, and Nss. 

<1. Vto is positive (negative) for enhancement mode and negative (positive) for 
depletion mode N-channel (P-channel) devices. 

5. The p-njunctions between the bulk and the drain and the bulk and the source 
are modeled by parasitic diodes. Each bottom junction is modeled by a diode 
and each periphery junction is modeled by a depletion capacitance. 

6. The diode parameters for the bottom junctions can be specified as absolute 
values (Is, Cbd and Cbs) or as per unit junction area values (Js and Cj). 

If Cbd=O.O and Cbs=O.O, Cbd and Cbs will be computed: 

Cbd = Cj x Ad Cbs = Cj x As 

if Js>O.O and Ad>O.O and As>O.O, Is for drain and source will be computed: 

Is(drain) = Js x Ad Is(source) = Js x As 

Drain and source ohmic resistances can be specified as absolute values (Rd, Rs) 
or as per unit square value (Rsh). 

If Nrd.=O.O or Nrs.=O.O, Rd and Rs will be computed: 

Rd = Rsh x Nrd Rs = Rsh x Nrs 

7. Charge storage in the MOSFET consists of capacitances associated with 
parasitics and intrinsic device. 

The parasitic capacitances consist ofthree constant overlap capacitances (Cgdo, 
Cgso, Cgbo) and the depletion layer capacitances for both substrate junctions 
(divided into bottom and periphery) that vary as Mj and Mjsw power of junction 
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voltage, respectively, and are determined by the parameters Cbd, Cbs, Cj, Cjsw, 
Mj, Mjsw, Pb and Fe. 

The intrinsic capacitances consist of the nonlinear thin-oxide capacitance, 
which is distributed among the gate, drain, source, and bulk regions. 

3. Charge storage is modeled by fixed and nonlinear gate and junction 
capacitances. MOS gate capacitances, as a nonlinear function of terminal 
voltages, are modeled by Meyer's piece-wise linear model for levels 1, 2, and 3. 
The Ward charge conservation model is also available for levels 2 and 3, by 
specifying the XQC parameter to a value smaller than or equal to 0.5. For Level 
1, the model parameter TOX must be specified to invoke the Meyer model when 
Capmod is equal to 1 (default value). If Capmod = 0, no gate capacitances will 
be computed. If Capmod = 2, a smooth version of the Meyer model is used. If 
Capmod =3, the charge conserving first-order MOS charge model [2] that was 
used in Libra is used. 

~. Use AllParams with a DataAccessComponent to specify file-based parameters 
(refer to DataAccessComponent). Note that model parameters that are 
explicitly specified take precedence over those specified via AllParams. Set 
AllParams to the DataAccessComponent instance name. 

nperature Scaling 

· model specifies Tnom, the nominal temperature at which the model parameters 
e calculated or extracted. To simulate the device at temperatures other than 
m, several model parameters must be scaled with temperature. The temperature 
ihich the device is simulated is specified by the device item Temp parameter. 
nperatures in the following equations are in Kelvin.) 

depletion capaCitances Cbd, Cbs, Cj, and Cjsw vary as: 

[ 

. -4 Temp. ~ NEW_ l+Aij[4xl0 (Temp-TREF)-y ] 
,bd - Cbd _4 Tem 

1 + J\;lj[ 4 x 10 ( Tnom- T REF)- 'Y p] 

[ 

. -4 Temp l ~ NEW_ 1+Aij[4x10 (Temp-TREF)-y ] 
,bs - Cbs 

4 
T - emp 

1 + J\;lj[ 4 x 10 ( Tnom- T REF)-"{ ] 
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,.NEW= c·[l+Aij[4x10-\Temp-TREF)-"{Temp]. 
~J J . -4 Temp 

l+Aij[4x10 (Tnom-TREF)-y ] 

W

[ . -4 Temp. ,.., . NEW_ . 1+ Aijsw[ 4 X 10 (Temp-T REF)-"{ ] 
~JSW - Cjs -4 Tem 

1 + Mjsw[4 x 10 (Tnom- T REF)-"{ P] 

vhere "{is a function of the junction potential and the energy gap variation with 
emperature. 

~surface potential Phi and the bulk junction potential Pb vary as: 

PhiNEW = Temp x Phi+ 2kx Templn[-n.c,;J,...n_om-] 
Tnom q Temp 

ni 

PbNEW = Temp X Pb+ 2kx Templn(-n-;;J,...n_om-] 
Tnom q Temp 

ni 

~ transconductance Kp and mobility Uo vary as: 

f( NEW = K ( Temp)
312 

p p Tnom 

NEW ( Temp)312 'Jo = Uo =-----"-
Tnom 

~ source and drain to substrate leakage currents Is and Js vary as: 

NEW (q x E~nom q x E~empJ 
r s = Is x exp - --:----=--
. kx Tnom kx Temp 

NEW (qx E~nom qx E~empJ 
Is = Jsx exp - -=----=--

kx Tnom kx Temp 

vhere Ec is the silicon bandgap energy as a function of temperature. 
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~ MOSFET threshold voltage variation with temperature is given by: 

.NEW . ETemp _ ETnom 
VtoNEW = Vto+y(JPhiNEW_,)Phi)+Phl 2 -Phl_ G 2 G 

ise Model 

~rmal noise generated by resistor Rg, Rs, Rd, and Rds is characterized by the 
lwing spectral density: 

2 < 1 > 4kT ---
M R 

mnel noise and flicker noise (Kf, Af, Ffe) generated by de transconductance gm and 
~ent flow from drain to source is characterized by the spectral density: 

2 
< 1ds> 

M 

he preceding expressions, k is Boltzmann's constant, Tis the operating 
1perature in Kelvin, q is the electron charge, kf, af, and ffe are model parameters, f 
1e simulation frequency, and Llf is the noise bandwidth. 
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Jivalent Circuit 

D 

Rd 
Cgb 

Cbd 

Cgd 

G o--,/11'\IY Rds B 

Cgs Cbs 
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VEL3_MOD_Model (LEVEL 3 NMOD MOSFET Model) 

nbol 

-I~ 
·a meters 

del parameters must be specified in SI units. 

Table 5-10. LEVEL3_MOD_Model Parameters 

1meter Description Unit 

OS N-channel model 

OS P-channel model 

nod IDS model 

1mod capacitance model selector 

t zero-bias threshold voltage v 
transconductance coefficient NV2 

nma bulk threshold parameter --Jv 
nma2 bulk threshold parameter deep in substrate --Jv 
1 mobility modulation with substrate bias parameter 

t surface potential v 
drain ohmic resistance ohms 

source ohmic resistance ohms 

[t zero-bias bulk -drain junction capacitance F 

t zero-bias bulk-source junction capacitance F 

bulk junction saturation current A 

bulk junction potential v 

Default 

yes 

no 

6 

1 

0.0 

0.0 

0.0 

0.0 

0.0 

0.6 

0.0 

0.0 

0.0 

0.0 

lQ-14 

0.8 

1rameter value varies with temperature based on Tnom of model and Temp of 
ice. 
alue of 0.0 is interpreted as infinity. 
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Table 5-10. LEVEL3_MOD_Model Parameters (continued) 

tmeter Description Unit Default 

0 gate-source overlap cap. per meter of channel width Flm 0.0 

lo gate-drain overlap cap. per meter of channel width Flm 0.0 

10 gate-bulk overlap cap. per meter of channel length F/m 0.0 

I drain and source diffusion sheet resistance ohms/sq. 0.0 

zero-bias bulk junction bottom capacitance per F/m2 0.0 
square meter of junction area 

bulk junction bottom grading coefficient 0.5 

.vt zero-bias bulk junction periphery capacitance per F/m 0.0 
meter of junction perimeter 

w bulk junction periphery grading coefficient 0.33 

bulk junction saturation current per square meter of A/m2 0.0 
junction area 

oxide thickness m lQ-7 

tb substrate (bulk) doping density 1/cm3 0.0 

surface state density 1/cm2 0.0 

fast surface state density l/cm2 0.0 

' gate material type: O=aluminum; 1 
' 

-1=same as substrate; 1=opposite substrate 

metallurgical junction depth m 0.0 

lateral diffusion length m 0.0 

surface mobility cm2f(VxS) 600.0 

it critical field for mobility degradation V/cm lQ-4 

[p field exponent in mobility degradation 0.0 

ax carriers maximum drift velocity rnls 0.0 

coefficient of channel charge share 1.0 

trameter value varies with temperature based on Tnom of model and Temp of 
ice. 

'alue of 0.0 is interpreted as infinity. 



Table 5-10. LEVEL3_MOD_Model Parameters {continued) 

1meter Description Unit Default 

flicker noise coefficient 0.0 

flicker noise exponent 1.0 

bulk junction forward-bias depletion cap. coefficient 0.5 

ta width effect on threshold voltage 0.0 

)ta mobility modulation lN 0.0 

I static feedback 0.0 

Jpa saturation field factor 0.2 

Jpag field correction factor gate drive dependence 0.0 

.u subthreshold fitting model parameter for NMOD 1.0 

gate resistance ohms 0.0 

' drain-source shunt resistance ohms infinitytt 

Jm nominal ambient temperature at which these model c 25 
parameters were derived 

bulk P-N emission coefficient 1.0 

bulk P-N transit time sec 0.0 

flicker noise frequency exponent 1.0 

ax explosion current A 10.0 

'subfwd substrate junction forward bias (warning) v infinite 

~vsub substrate junction reverse breakdown voltage v infinite 
(warning) 

:vg gate oxide breakdown voltage (warning) v infinite 

:vds drain-source breakdown voltage (warning) v infinite 

jsmax maximum drain-source current (warning) A infinite 

'max maximum power dissipation (warning) w infinite 

Params DataAccessComponent-based parameters 

arameter value varies with temperature based on Tnom of model and Temp of 
rice. 
Value of 0.0 is interpreted as infinity. 
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~s/Equations/References 

. LEVEL3_MOD_Model is an enhanced version of the SPICE leve13 model. It 
exhibits smooth and continuous transitions in the weak to strong inversion 
region, and in the region between linear and saturation modes of device 
operation . 

. Use AllParams with a DataAccessComponent to specify file-based parameters 
(refer to DataAccessComponent). Note that model parameters that are 
explicitly specified take precedence over those specified via AllParams. Set 
AllParams to the DataAccessComponent instance name. 


