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* High Performance, Low Power AVR® §-Bit Microcontroller
* Advanced RISC Architecture

— 54 Powerful Instructions — Most Single Clock Cycle
Execution

— 16 x 8 General Purpose Working Registers

— Fully Static Operation

— Up to 12 MIPS Throughput at 12 MHz

* Non-volatile Program and Data Memories
—512/1024 Bytes of In-System Programmable Flash Program
Memory

— 32 Bytes Internal SRAM

— Flash Write/Erase Cycles: 10,000

— Data Retention: 20 Years at 850C / 100 Years at 250C
* Peripheral Features

— One 16-bit Timer/Counter and Two PWM Channels
— Programmable Watchdog Timer with Separate On-chip Oscil-
lator

— 4-channel, 8-bit Analog to

Digital Converter (1)

— On-chip Analog Comparator

* Special Microcontroller Fea-

tures

— In-System Programmable (2)

— External and Internal Interrupt

Sources

— Low Power Idle, ADC Noise

Reduction, and Power-down

Modes

— Enhanced Power-on Reset

Circuit

— Programmable Supply Voltage

Level Monitor with Interrupt

and Reset

— Internal Calibrated Oscillator

* I/O and Packages

— Four Programmable I/O Lines

— 6-pin SOT and 8-pad UDFN

* Operating Voltage:

-1.8-5.5V

* Programming Voltage:

-5V

* Speed Grade

-0-4MHz @ 1.8 -5.5V
-0-8MHz @ 2.7-5.5V

-0-12MHz @ 4.5-5.5V

* Low Power Consumption

— Active Mode:

* 200uA at IMHz and 1.8V

— Idle Mode:

* 25uA at IMHz and 1.8V

— Power-down Mode:

*<0.luA at 1.8V
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Design

ANALOG AND DIGITAL CIRCUITS

e b

FT245 ail 3 40 31 USB & 499 b b f

* FTDI’s royalty-free VCP and D2XX drivers
eliminate the requirement for USB driver develop-
ment in most cases.

* 384 Byte FIFO Tx buffer / 128 Byte FIFO Rx
Buffer for high data throughput.

* New Send Immediate support via SI Pin for opti-
mised data throughput.

* Support for USB Suspend / Resume through
PWREN# and WAKEUP pins.

* Support for high power USB Bus powered de-
vices through PWREN# pin

* Adjustable RX buffer timeout

* In-built support for event characters

* Integrated level converter on FIFO and control
signals for interfacing to 5V and 3.3V logic

* Integrated 3.3V regulator for USB 10

* Integrated Power-On-Reset circuit

* Integrated 6MHz — 48Mhz clock multiplier PLL
» USB Bulk or Isochronous data transfer modes

» New Bit-Bang Mode allows the data bus to be

used as an 8 bit general purpose IO Port without the

need for MCU or other support logic.

* 4.35V to 5.25V single supply operation

« UHCI / OHCI / EHCI host controller compatible
* USB 1.1 and USB 2.0 compatible

* USB VID, PID , Serial Number and Product De-
scription strings in external EEPROM

* EEPROM programmable on-board via USB

» Compact 32LD LQFP package

D2XX (USB Direct Drivers + DLL S/W Interface)
- Windows 98 and Windows 98 SE

- Windows 2000 / ME / Server 2003 / XP

- Windows XP 64 Bit

- Windows XP Embedded

- Windows CE 4.2

- Linux 2.4 and Greater

USB &9 3,k 5l bls)l sbml ogos gy o diisgs ol 51 Goa
colw w9 )3 USB bls)l JGo,0 3,90 5 a5 Lol 5lasb =
4ol 0 9 5515l ol s 0950 gy ol y3 3,15 399 Slol 3 LI ECA
b Jalgs 0ols rusgs FT245 . 5l oslewal b USB sy

1581 s
b3 35250 sl uz o 5 A 5L SUSBL bls )l sl g

ol il oo L g Sledbl Uols bl it oz o
o)1y Sao 2l aSTonT 51 ail o i A g0 45 bls)|
lag Koo b bl ol 613, a2l (oo i A S pgecas o3liisl 390
FTrry asbe K5 sla cux M5 5 9 590 dalys coly jls
c 39 dalgss by 03,5 03 9 g by 4 Sl Ko

: FTYf0BM USB FIFO > Slasin
a Transfer
* Transfer Data rate to 1M Byte / Sec - D2XX Driv-
ers
* Transfer Data rate to 300 Kilobyte / Sec - VCP
Drivers
+ Simple to interface to MCU / PLD/ FPGA logic
with a 4 wire handshake interface
* Entire USB protocol handled on-chip... no USB-
specific firmware programming required
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il OIS

o83 (3150058 G o b oS cuwd BMHZ ool s 5
Sy o 48MHZ o,

G sl e 4dis opl &5 0L Wl e VYV s 0V aiss 5l
Sl (0 ol BB (o8l 055 5,k Sl ea 9 gy

f g b

b andl sl 005 oslizel VB 5l cuz ol oy a0l sl
0T sl aslys o0 s ,a b led ws il Jgeol 4 4z
LA (g

b4 owjle o8,e DLL 51 USB L bls)l o,
232155 s b DLL ¢l . ol 00 03zl FTD2XX.DLL
2> DLL ¢l 5929 510 salss i 59aig (otumms dogy >
- S Jool> Oliebl WINDOWS\SYSTEM32 asls

W J.A‘P oals @..093 )9.3').) SV 59.75 4.L?94)A Consd PR

s 3ge ol daby plas s a5 o)l ke Sl e ol
C syl

(s sla asbe

03, )G a5,k 95 slus g Olge 44 DY-D- sla 4l
Olgie a5 la 4 ol Lo Jlo)l cdls js a5 & ja0 ol 45 0500 (0
Dy Kalgs (6399 g o> cdbys <l 5o 9 659,9

s S sla e

azsls s Jloyl USB caows 4y paalyse 457 alSia : WRA
oS o S bl el puily

al ool polsse 1) s USB I paalys o 45 olfia : RD-Y
oS 2 o )

01lg5 3l 4 sl iza ol & b o 4 ol ST #RXE-Y
.MNOTQMQBUQQgCMloM)%

Jlosl 5l Oad y ins 4 b ko a0l ol 1 #TXE-f
.MMQLQTQMQlébg.hZL@

g 9 0ules sl EESCS ,EESK , EEDATA s 4,L-0
EEPROM I el JU o

:ojgﬁ:blqr.;l
S sboul ol,.'}JJ [ol.)l.)ksll} ojg).;gil VBNET bisa j5e
b salgs ailsl ojg » 4 FORM G (5,6 i gk o

J..Lla ° oalaiul S)90 el,.? syl g9l Jgjile U‘l‘ Ry aslol 93059 0 4 I, DYX)(_Unlt_NETVb dg}l.n .
5 @ilil o35, &4 COMMAND BUTTON b ¥ 3 TEXT BOX b6 5 J<i iboa o
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a N
SerTXT.Text = FT Serial Number

< Get description of device with index 0

< Allocate space for string variable

TempDevString = Space(64)

FT Status=FT_
GetDeviceString(Devicelndex, TempDevString,
FT LIST BY INDEX Or FT_OPEN BY DE-
SCRIPTION)

If FT Status <> FT OK Then

MsgBox(«Failed to open device.», , )
Exit Sub

End If

FT Description = Microsoft.VisualBasic.
Left(TempDevString, InStr(1, TempDevString,
vbNullChar) - 1)

< Display serial number on form

DescTXT.Text = FT Description

<Open device by serial number
FT Status = FT OpenByDescription(FT De-
scription, 2, FT Handle)
IfFT Status <> FT OK Then
MsgBox(«Failed to open device.», , )
devOpe = False

Exit Sub
Else
devOpe = True
FT Status =FT SetBitMode(FT Handle,
&HFF, 1)
\__ EndIf J
.M}ul)ﬁ).){ 5Writed.g.by)¢o)~§w))
/~ Dim BytesWritten As Integer N\
If Not (devOpe) Then

MsgBox(«Device Open Error», MsgBox-
Style.OkOnly, «Device Openy)
Exit Sub
End If
FT Status =FT Write String(FT Handle,
WrTXT.Text, Len(WrTXT.Text), BytesWritten)
IfFT Status <> FT OK Then
MsgBox(«Writing Error», MsgBoxStyle.
OkOnly, «Writing»)
Exit Sub
End If

580 p 55 5 ,Sos

DEVICE b bls,l 1,8 5 sl,, CONNECT auS's @
DEVICE 4 xig5 o WRITE aus's e

DEVICE ;I yailys sl,s READ auS's e

s Jwoy sla DEVICE slaes NUMER OF DEVICE o
a3 o 0l [, USB &g 4

JU s 0315 0lis sl o SERIAL NUMBER OF DEVICE e
DEVICE

DESCRIPTIONOF DEVICE
DEVICE

dasuie O3l Olis

: dgin ) ) A5 connect 4 by o 35T Cand )

a N

Dim DeviceCount As Integer
Dim Devicelndex As Integer
Dim TempDevString As String
If (devOpe) Then

Exit Sub

End If

< Get the number of device attached

FT Status=FT _
GetNumberOfDevices(DeviceCount, vbNullChar,
FT LIST NUMBER ONLY)

IfFT Status <> FT OK Then

Exit Sub

End If

< Display device count on form

NumTXT.Text = DeviceCount. ToString

< Get serial number of device with index 0

< Allocate space for string variable

TempDevString = Space(16)

FT Status=FT _
GetDeviceString(Devicelndex, TempDevString,
FT LIST BY INDEX Or FT OPEN BY_ SE-
RIAL NUMBER)

If FT Status <> FT OK Then

MsgBox(«Failed to open device.», , )
Exit Sub

End If

FT Serial Number = Microsoft.VisualBasic.
Left(TempDevString, InStr(1, TempDevString,
vbNullChar) - 1)

\___ «Display serial number on form j
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usb < e 055 5L sl : FT_OpenByDescriptione
o 5l e olaie b3 9,0 Do 3 ek (0 oslitul
..)J|.>)? <

..)9.».:: <° oslaiwl qu D)9 LQl).v é’b

TR0 e et @bl FT_SetBitModee
9 dluu)l oJ PRI 4 ().)‘.) )|)§ 6';: 9 _).,«I:L: &°
o5 lawl

Dyl (o0 S A Sogar 9 Silge dlo

AN 2z b G Jll gl e 2 epl 51 FT_Write_Stringe
odh atdgs sla ol slaw Bl sgd (0 0olitul usb o, «
s 59,0 Cogo 3 %058 e, BytesWritten e )5 |,

K38 o yho e ()l

cob ol 28,8 ¢l &b ol sl FT_GetQueueStatuse
Dg (0 oolawl Yus o.\.3|9.§~ 6')‘. )L.L.A sl

e sla ol 0xles @l @b ol 5 FT_Read_Stringe
PERTR RN PERIT- VGOV FRC YW R W] IV R WP ¢ PES-
BytesRead 504 4545 sl ol slaws s TempStringData
2,8 (0l

K5l3,8 o yho e )loie las j9 0 O pgo

pll Sl g 0592 00leT 51 deOp Kb 055 K b olgan
g phobe Sllee ,a

Slles plnl como Sl 0l 0 (05 0 055 S L o)lsen
g ek

0ab Gl gsle s 0T 4 bgy o slajie)l 5 b o IS o9
A8 andloe | Ol lei> 5)ls 5929 059 5 4

Ofeks 59009 phuw a3l )5 eslitul 5,90 (Lol dll 5429 5l
 Spd

M}yl)ﬁ).}.{ Read‘\a.by)ﬁ.).{w).)

/~ Dim TempStringData As String N\
Dim BytesRead As Integer

If Not (devOpe) Then
MsgBox(«Device Open Error», MsgBox-
Style.OkOnly, «Device Open»)
Exit Sub

End If
< Get number of bytes waiting to be read
FT Status = FT_GetQueueStatus(FT Handle,
FT RxQ_Bytes)
IfFT Status <> FT OK Then
MsgBox(«Reading Error», MsgBoxStyle.
OkOnly, «Readingy)
Exit Sub
End If

< Read number of bytes waiting

< Allocate string to recieve data

TempStringData = Space(FT RxQ Bytes + 1)

FT Status =FT Read String(FT Handle,
TempStringData, FT RxQ Bytes, BytesRead)

IfFT Status <> FT_OK Then

Exit Sub
End If
< Display string on form

\_ ReTXT.Text= Trim(TempStringData) J

S S ) Do (hges e S
Dim devOpe As Boolean

;o 03lisl @lgs b xe

device slaxs 03,97 sy : FT_GetNumberOfDevicese
Sogr Ao hate sla

23 390 0 0kl 5 5y DeviceCount pize ,3 mb opl (29,5
X138 o pao Sl e (6)lie las 590 O a0

device Jb jw 35,5 sl 2 @b ol 51: FT_GetDeviceStringe
Do (5o 03wl 3929 g0

2> g o0 0kl 8, TempDevString )5 b 3,90 )lode
X5l3,8 o yao e (5 )loie bas 590 g

oolil oo Pl 05,91 Cawds sl &b ol Sl peea
MVASFE A BXWI Y PR 6[3 ol Sl eslaiwl Soles 4 35 0

=%

Y
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0w u—"'])l" dgjLa &:.?L@L

Joibe 2l sles

USB <=> RS232 SERIAL CONVERTER ( 300 to 115k/460k baud )

(fazel459@gmail.com) sebacl Juols : 03w g5
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FPGA 31 08l b JU v B3 51 (53w 03ly

SPARTAN-III

> o | 00 00lizwl Luils”,6 - parameter ClkFrequency
Yomhz Jsles a5 YO - oo - Mo P,.g.S s 2 )laie 5,8
A0l (o0

S 50 20 laae 1) ks 590 <) 39l s parameter Baud

sl 02l a5 )lake

) <o, 29b ,iww>, sl : BaudGeneratorAccWidth
Aol oo cw V8 e cnl o oS (o0 8 e

..3); & )|)§ wire L)‘i' 59 03 .L;J,S o)y 59[{ :BaudTiCk

- ( Serializing the data) L5 03,5 033Yb

Ab (o0 db o 4 lee Sl Oledbl oo 187 axkad ol 5l Gaa
3,8 o3 TXD_Out bs g9, » oledblc a5 5l e
I b S 4 oyl S 58 sy o a5 jokilen
sl i sla Giso

(start bit ) g9 8 < -\

(data)

(stop bit ) oLl e 95 -V

25k s TXD_Start o s9i o plosl olia s Jlo)
Kia TXD_Out a4l s 5, »» Joyl sla oy b alren
» nls ol & bal 5lasl Js BaudTick & sas (0 5
0 (asb Lo LAY de) ol sads as bl oy 9L ulal

Lo cua =Y

asg TXD_Out 9, » cusssl el o b o aw
N (50
P.:A)LSA)l).a state fbAJ&M))J I) OMMQJLL:AM

: 0
o3lil b« (RS232) UL o bls)l g5l ooy (oo, alae ol o
4ol ,» VERILOG b colgs o S (P I, FPGA ;|
sl r‘,.:.‘:‘|9.-'> ooy SPARTANII 59, 9 acig |, b5 5,90
s Sl 0 a5 Giso 95 51 b e blo)l ails oo a5 ohilea
TXD s Jlo,l -\

RXD s ciéb,s-v

s Ml,} rol_xf 2B sy 2 4 dalsl )

: Transmitter Jlw,l Jgjb

5 eolizal b g 0 3)ly st A & pgear ledbl Jgsle ol o
TXD 29,5 9, » Ji&Kw K (Seriallizer) ;530w o5
sl 5 sl I/O slls Jgjle ol oS sl

2l oo cw A a5 TXD_Data bys b -

Jlo )l 0395 Jles & pgu0 45 : (TXD_Start ) oo laol JUious ¥
YW r:l:gdl Lo

S oo el [y Jgile S ¢ clk UKo ¥

O3 Jb w5l G oledbl - (TXD_Out) (9,5 JiKw -F

235 o dlo)l =9, 4

: ( baud rate generator) <y, 59U g
3 03liiaal b camal o+ L dlys 5 Jlsl dgsle 93 0 5o
b ) 5l s)5e oy 39l s SIS
Olis ) G bl pguan o)y 39l sl ogou 505 95 dxkid
HES V- } <P
a N
parameter ClkFrequency = 25000000; // 25MHz
parameter Baud = 115200;
parameter BaudGeneratorAccWidth = 16;
parameter BaudGeneratorlnc =

(Baud<<BaudGeneratorAccWidth)/ClkFrequen-
cy;

reg [BaudGeneratorAccWidth:0] BaudGenera-
torAcc;
always (@(posedge clk)

BaudGeneratorAcc <= BaudGeneratorAcc[Baud
GeneratorAccWidth-1:0] + BaudGeneratorInc;

wire BaudTick = BaudGeneratorAcc[BaudGenera

@rAchldth] ; Yy,

g 1bls Lol 5l b o 4y Ay 00 Azbys 25" Al (sl
gﬁi).bobl.: S ) |).)S‘.)).3 0y uTﬂ;ﬁ.li.‘zAQl)'M).) u',.‘b

P (P
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FPGA 3 08liut b JU g S 51 55w 03Ly

a9y Jly cen s b Sledbl Jloyl S ol das donas

sl s Jyjbe
sla )9 w8l o Jbw b G O pguar Sledbl g5l onl ss
$3,5 (B Doy
OLL 9 £9,00 Cuy parseli-)
PG 4 Jb s 51 28L s oledbl Jyas-Y
sl 55 sla /O shls dssle ol
RxD ledbl 539,9 4o\
s SN (5399 =T
w2955 Il A Y
s SN YU 5 SleMbl ilyys 1ls o 45 philen
< JiKw 9 o2l 035 Olosea HI gl s diies Olojea
b
303 o plasl [ gl o5 98 anks
e N
reg [1:0] RxD sync;
always @(posedge clk) if(Baud8Tick) RxD_sync
<= {RxD sync[0], RxD};
reg [1:0] RxD cnt;
reg RxD_bit;
\_

/
DS (0 )G ) £ a5 ) IS dxkid
a N
always @(posedge clk)
if(Baud8Tick)
begin

if(RxD_sync[1] && RxD cnt!=2)b11) RxD_cnt
<=RxD cnt + 1;

else

if(~RxD_sync[1] && RxD_cnt!=2>b00) RxD
cnt <=RxD ecnt - 1;

if(RxD_cent==2>b00) RxD_bit <= 0;

else

if(RxD_cnt==2b11) RxD_bit <= I;
\end Y,

Sy SS9 B9 Ky S A @ ) b Sledbl b J
3,8 o0 l,8 state iaws, ,o a5, as obl

A3l (g0 5 5 Ak dnt

e N

reg [3:0] state;

always @(posedge clk)

case(state)
4>b0000: if(TxD_start) state <= 4>b0100;
4>b0100: if(BaudTick) state <= 4>b1000; // start
4>b1000: if(BaudTick) state <= 4>b1001; // bit 0
4>b1001: if(BaudTick) state <= 4>b1010; // bit 1
4>)b1010: if(BaudTick) state <= 4>b1011; // bit 2
4>b1011: if(BaudTick) state <= 4>b1100; // bit 3
4)b1100: if(BaudTick) state <= 4>b1101; // bit 4
4>b1101: if(BaudTick) state <= 4>b1110; // bit 5
4>b1110: if(BaudTick) state <= 4>b1111; // bit 6
4b1111: if(BaudTick) state <= 4)b0001; // bit 7
4>b0001: if(BaudTick) state <= 4>b0010; // stop1
4>b0010: if(BaudTick) state <= 4>b0000; // stop2
default: if(BaudTick) state <= 4>b0000;

endcase

\_ /

a N

reg muxbit;
always (@(state[2:0])
case(state[2:0])
0: muxbit <= TxD_data[0];
: muxbit <= TxD data[1];
: muxbit <= TxD data[2];
: muxbit <= TxD_data[3];
: muxbit <= TxD data[4];
: muxbit <=TxD_data[5];
: muxbit <= TxD_data[6];
7: muxbit <= TxD data[7];
endcase

\_ /

AN L AN W N =

J3ae a5 7, stste i) ,o (Gl o8 0 S dakd ol o
TxD_data ,iuus, 5l ,blas e il 0 1, muxbit e i,
oyl 2 & 25L go SNl 59l s ol s> 58 3
..).);

79,5 b 4 55 1 0bL g £9,8 Gla Wb alo e o 5T s
e 56

@ssign TxD = (state<4) | (state[3] & muxbit); }
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FPGA jf ealtiw! b JU s HL3 41 (s 3w 03y

state i) Casdge 9 uydgl 4 dzrg b b al> e 05T 5o

Pz ) S 093 1) (Bl s Sledbl gam ca g £9,0
55 0235 Jis

e N

reg [7:0] RxD data;

always @(posedge clk) if(Baud8Tick && next bit

&& state[3]) RxD_data <= {RxD_bit, RxD

data[7:1]};

\_ /

o RxD_data ;5 cowo A &g b 03l 0,053 Ggd 2 aes

v

| Koy

OLL & caige b1y Jbye cilss 5 dlol il sl Lot
VR

Qﬂ-%iffl)fb-guﬁlai-h-i:&”)el)u){gil ilgs o0 >
£2,5 plS9 0 XCAOVFF 5 XCYSO- 59, 5 1) o 28" (0l
oslatwl Jls 5 sla aab o 51 asles (oo by 9 Jlo )l s (sl 5
g bl G ogs b g aS

FPGA o595 <G JolS 65l 03l 0950 3,90 55 (sam dllis )
sy palys ra,gJT 5l eslawal b

(fazel459@gmail.com) ebacl Juols : 03w 95

a N

reg [3:0] state;

always @(posedge clk)

if(Baud8Tick)

case(state)
4>b0000: if(~RxD_bit) state <= 4>b1000; // start

bit found?
4>b1000: if(next bit) state <= 4>b1001; // bit 0
4b1001: if(next_bit) state <= 4>b1010; // bit 1
4>b1010: if(next_bit) state <= 4>b1011; // bit 2
4>b1011: if(next_bit) state <= 4>b1100; // bit 3
4>b1100: if(next_bit) state <= 4>b1101; // bit 4
4>b1101: if(next_bit) state <=4>b1110; // bit 5
4>b1110: if(next_bit) state <=4 b1111; // bit 6
4>b1111: if(next_bit) state <= 4>b0001; // bit 7
4>b0001: if(next bit) state <= 4>b0000; // stop bit
default: state <= 4>b0000;

endcase

)
25 o Jlosl dgsle 53 0ads xS o e ligds o o]
oolil NEXE_Dit Luly 5l oy & iy 8, sl aSiyl s
:o,&uﬁwbﬂja)wckf[,gf@
e N
reg [2:0] bit_spacing;
always @(posedge clk)
if(state==0)
bit spacing <= 0;
else
if(Baud8Tick)
bit_spacing <= bit_spacing + 1;

wire next_bit = (bit_spacing==7);

\_ /

# Quartus 11 9.1 (32-Bit) SP2

# Nios II EDS 9.1

# ModelSim-Altera 6.5b (Quartus II 9.1sp1)
\# DSP Builder 9.1 SP1

4 Quartus II (32-Bit) V9.1 SP2 full version
Wb ol 4o olb (b x> e Altera Quartus (>1,b 1580 5
sl (SOPCY (552 &l 16 a5 slisa s’ (o2 (Sl s om yimss 3

la CPLD 9 o FPGA ‘5'>|).b J.>|).A L§°l‘°3 LS')-.’ sla J.‘> ol J,ALZ; Quartus II

ul.n)s b3 bulg g ).3)[{ G{.:_'ﬂ)f Luly 5l eslazwl ol Quartus 11 )|).9| £ 09z
M@PAT)B wslosls 0l > b al> e s )
1 dCgoxn U‘ll 03 d9>90 le.b)l).'él r>).u

A58 e

-w'
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PIC b adl y 31 00liiw! b USB Suwd yiis!

3 03lizwl 5,50 PIC18F4550 4 by, oo firmware ghio bxul js ¥ JKo
ol 00 0315 yiules USB-Parallel Joe

USB 5,5 )5 @ 5l oblb 5l golaws b cansdlS dins o
S k:A&’lM ULZ\._{LQ 059).3: 09

S59&a Jsa Kijls 5 4 a8 firmware ol asb s 55 Juol 9, ) o
A o boa)ly S ol dw QLS ),

e N

void main(void)

{int1, j;

int len;

byte theDelay;

byte bdata;

char buffer[3];

char *mybuffer = buffer;

PORTD = 0;

TRISD = 0;

bdata = 0;

len = 3;

/ declare PORTB as inputs

TRISB = 255;

ctrlCount. word = 0;

InitializeSystem();

while(1)

{ y

Silge 5 (Serial) (5w ©pg a5 Slaj )3 gaals Kinunsd jz0
23 39 0ol i b cdF o 8 eolizwl 5,90 (Parallel)
09,5 95 4 Lulel 42235 55 bawly llaa chiel sy i
S U8 cgge 9 (Sole caz 4 s 9 Silse sla g
. 3905 =i (USB(universal series bus) lases o 1554
@ 0eST g 0si (5, 59mels Wbyl s K5)LSG el USB
blus PC Luly ollas (ohb 5 gine @l 5| glaiy Jus
K S50 5 e Sl o ygy JolS O Bl LS sl anily
IS Lol s polro O (383 0o Lol sl 2l fyuiga
YY) .m|,.$ ol el 6)|9A 9 S d).LS 039 I C,Jg.e,w
Giles yz 4 [, USB iy o ool oo, s alio el o
USB gy s oo owien (1 o)led S0 4 355 £92)
o Wlas ol anlllan S| g 315 ol randgs 1y Jl oo 32 4
Lags h5 3,00yt o J S sla o s als sl (o0

Aol |2l

059 1 Sl p oad Azl a4yl Jawe K s g ol N IS
il (o Seanels a8 sla

Sisannsd iy
sizwa plug and play. USB sla (s ol &5 cid> ol
.w|oj)9TWJngfx5Jr4AQL:A)QI) 6'0)%@9@
Jw09 G2 4 [, USB aliwy G aslys (o0 dalyso a8 Olej ,a Lo
ol Uuig)) )LAKLQOKL»J )JUSB (sﬁf)l{‘bubl)b le).:
S99 (831,13 Golge 9w (bl sla Gy, SN
Aol rdes 4 Slo o egdle Lid 9 s oy USB la
Al 3w 1) o&aws sluil ol o firmware b« Objue J 8
o o 0305 (slo dss Jlasl oK Firmware sl 55
A3 bl s (o ez USB 5959 1 e 350 1) 0l
Syl slesls 0l > 7,k oK (Driver) jlail ol aals 5
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Jool )3 355 (o cin a5 |, HID 6y 3 )ksle firmware Giso ool Y cad
bl salys /0 oKiws S Olgie a5 1) Jows Oljan 5guals’

~

/ The number of bytes in this structure is hard
coded in device.h

om struct{byte reportfHID RPTO01 SIZE];}
id_rpt01={

0x05, 0x01, /* Usage Page */

0x09, 0x05, /* Usage */

0xA1, 0x00, /* Collection */

0x09, 0x30, /* Usage (X) */

0x09, 0x31, /* Usage (Y) */

0x15, 0x00, /* Logical Minimum */

0x26, 0xFF, 0x00, /* Logical Maximum */
0x75, 0x08, /* Report Size */

0x95, 0x03, /* Report Count */

0x81, 0x02, /* Input */

0x09, 0x33, /* Usage (Rx) */

0x75, 0x08, /* Report Size (8) */

0x95, 0x03, /* Report Count (5) */

0x91, 0x02, /* Output */

0xCO0}; /* End Collection */

/

s Sl firmware sbul |y dwitas Hgema 6158 p 5 bl 4
Sl 6 iy Sl luliul sla firmware acgame a8 9,5
9 S bss aliue 2L & 29798 9 o3le] Calizes le.ﬁ/.iﬁ:)b,;
2535 canlite ol slas )l b b Canls dcgazma ol gl
o8 (55151 ol (5 4l o gy 5l sum g G, oSN
Ls“°HID sl Gand i Ko U»ﬂfog; Ls,;)lfd.g‘USB
as” 5l S99 tle“ HID ;I Gusly S degoasxe 939 O sk
o gs S S h ipdg | 1/O ansly ksl JIC5H 51 Lag S
hg&mg|ﬁ,¢&6ﬁwéboméghwgu
Microchip .« 69l cizmad X9 0 Sluiio HID o5 8
23 o3l (bls)l JU S olgae 4 1, HIDComm ActiveX
Dl (o iy Objee 5 Gl S K o ST 4l
I, o&l, MPLAB s 4w G (> Microchip ol 5 e9de
dnd gz 062 Slaal 512 bl 03,97 pal b 01k sl

555 4,05 b oblbs 5 5l

e N\
USBTasks(); / USB Tasks

/ receive 3 bytes from host routine
bdata = HIDRxReport(mybuffer,len);
/ emulate only if data were received
if (bdata>0)

{
/ emulate print port routine
switch(buffer[1]) {

/ port code 888 output PORTD

case 1:

PORTD=buffer[2];

break;

/port code 889 input status in PORTB
case 2:

bufter[2] = PORTB;

if (!mHIDTxIsBusy())

{ HIDTxReport(buffer,len); }

break;

/port code 890 output PORTA

case 3:

PORTA=buffer[2];

break;

}+ // end if

} //end case

}//end while

. /

la ) 58”9 ;S

L1, USB oKaws Jiis (S5ska & sl ol lie ol Ca
A2 oy Sy Djgr 6 0aS US4 Ll s g 1S
4l o o firmware oiig (Soums &5 590 dalgs cpl 5 aw bl
s s 1y s5lsl o

sla )18y Koo 45,1 L Microchip w8 i )18 e bl 4
o5 2> USB J,u8 slas,o )5 sl I, ol, (USB olazs!
Microchip « 5,0 cur K Kijls, S o
Gl awis |, USB s ol G PIC18F2550/18F4550
.\;%.\;A;ng,;,ﬂsnpgl)él)l/ooﬁh Sl G 9 03943
Al (o (ool anbs
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. USB-Parallel Jawe 4 by o )lae S5 b ¥ JSo

2o Lo 35 DB32 sla juel> 9 Kijls 5 sla Jles 5
g dalgs B Hlawe obgs” Jlasl I 5,8 gl sl F,a,l

Sk, 9 9 USB (s5lgn (uud il (awliol (6,850 ¥ IS
95 ,a .aad (o Olis SHles Dhe s, s 1, ol )lE
3,56 L1, USB Jis s 4ok g i, g Ju8 4abs
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390 03 LT lelise il (oo i 5y gy J S Slas )
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olis J,u8 sl ol )9 dasine B, 1 ey 00wl Cuws 4
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S ogkie 4 Oljee 5enls Gl b GSlr )b 95 g oal ¥ S
USB w9 e,b 5l b g s n om b Sl Solse gy s S L bl
BV %) «° UL\L.» l)

Firmware

Firmware ,5 USB (s 055,58 I8 &5 sla o9, 5l odael Giso
3,8 o Dl 9,5ee Sla Acgarme 3l 539

3y90 Bb L, Sue Jawe firmware s a5 s 90 by
o HID awdel 5 oais” J,u8" ool Gise « 56,8 51,8 o) 0
skl a0l s Yol 53l 0 0l ¥ 9 ) e 5 ol 5152 il
sl sshie 4l 1S Kee A gy 9 B opsy Doy
Ol O ST (o0 iy 25 (635,08 L1 0 D pes 40 D Hgy A (0l
Jsl Kasls 5 sla 3L 9 Obwe oo 1) osls 1 cob dw aal
Sl (K 93 b )3 39290 A5 4y 03ls 0L, g 22 (0
il o 39790 paew b 53 /O U Lol

olis USB s sl sl |, firmware ol shio ¥ JS&
J.:.,B )'I) S29,9 QSLQ oKws L®) l;_ HID LgLQ og)f ;,Jﬂ SRS (A
oKws Jud 5 (29,5 Sl oKiws 44 b g (Gusle 9 A8 dxino
o Sole Slgn Sogy Al o iSls 5 (0 (S e 9 row Slo
2 ol e sl o Jold L (29,5 oo 9 $2909 o oS>
(7 o 5 590 £92) ) 390 ol L HID (159, 398 Jone

Jae ylae
o Ui & e ssle ai€en ssalin ¥ K5 5> alinan
& sl o3l (5,38 45 Hlae @Bly o )15 5L 6ok (Koo i
e Shls Jlae a8 Uiyl 3,3, 69, 2 1 )lae xilgm e
pebas <y 0 55 59 eaiss” pudais G b 5l g 00gr (215 4%
Sl sl ) U sla JKw Y-MHZ Jls 57 .l 0a
Oy o bLsyl 5,500 S8 dy uapms -25T (0 pal 3 K55 5
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Rem USB-Parallel Converter (Chan)

Private Sub Command1_Click()

Dim data, pd, cd As Byte

Dim pn As Integer

HIDComm1.Connect

ParallelControl.Show

pd = CByte(Textl.Text)

cd = CByte(Text2.Text)

pn = pd

Ifpn <1 Orpn>3 Then pn=1

Call CallPort(pn, cd)

HIDComml1.Uninit

End Sub

Private Sub CallPort(pn As Integer, da As Byte)
Dim Buffer() As Byte

Dim BufferSize As Long

ReDim Buffer(8)

Dim rd As Byte

BufferSize = 3

Buffer(0) =0

Buffer(1) =pn

Buffer(2) = da

If pn =1 Then

HIDComm1.WriteTo Buffer, BufferSize

End If

If pn =2 Then

HIDComm1.WriteTo Buffer, BufferSize
Buffer = HIDComm1.ReadFrom(BufferSize)
End If

If pn =3 Then

HIDComm1.WriteTo Buffer, BufferSize

End If

End Sub

b)
Rem Printer Port Control (Chan)
Private Sub Command1_Click()
Dim pd, cd As Byte

Dim pn As Integer

Parallel. Show

pd = CByte(Textl.Text)

cd = CByte(Text2.Text)

\pn = pd

~

Sz Bla b3l 5 4 el azils bl 4l p3Y: azys
2L U8 cob shade 4 dz g b opl ol ol (o0 09)ly 50 0
g0 T il o

Ay o olis ) s sl ael o ¥

&l » USB-LPT i ol (5 oslizwl J>l 10 5 (509 0 dnlo J>
HIDCOMM 5 Ky Jlg325 il ouily a2l palosT )l
P93 Ao o anles cums SgealS’ 59, » |, Active Control
sl 9 awls 59) PICI8F4550 S 4 | oo Firmware
rate Obae 4 1) oK po >0 aples olal 1) Guusd o]
Oid 3) 355 o plulid | OT 5ausls 45 9 iedas 5 aules
Ul USB-LPT ¢lgic G HID sandad 55,158l csen o 30
69 » 1, HID comm | o5 G VB busae 55 (4 salss o3l
USB-LPT (e il (0 o)l Ko a5 398 £92)) 23,13 £

VB ra)s 51l digas b BYRCIT RN YU SSEINY KWW W R CNEW-T I B BEPW-L
e J,u8" s 4l o so 29,5/ 5909

HID Comm bl b as” sl sl axhad a5 508" s 405 5 59b |
2818 bl

J,u8 K .asb Match Manufacture b cuzg S
L3 blol o€ S, b b wl o abind S, 5 ActiveX
s plosil S 2] g i 1) diges 4l s play Al po oS
sl 0S5 la LED s oxsas 0lis (29,5 Jbo s 5 Sae byl i
Aasl blae osls wlo b oo 5,b 45 L 63909
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S S
1y USB (639035 U5 car sl ool gy alia al s
ol el 0% Ol Jlozl y5b 4y 5guals” J 8 slas)lS
398 G138 ,)L oo angs firmware L PIC18F4550 (5395
b Silgn pgo 5 ilgs oo Solw 4 (K9 xSl sl S 4
o Lo 0351294 Jy 15 plug & play J o8 asks S 4y Il
L paeels ©ige 8 slas o)l 59, 2 LB Slgpw 0 ilys

s dalsl

CIRCUIT CELLAR Magazine February 2010

Olllans Ly 3 - oor 520

/ Ifpn<1Orpn>3Thenpn=1 I\
Call CallPort(pn, cd)

End Sub

Private Sub CallPort(pn As Integer, da As Byte)
If pn = 1 Then
'VbOut 888,da
End If

If pn =2 Then
da = VbInp(889)
End If

If pn =3 Then
VbOut 890,da
End If

End Sub

USB-Serial Jaw jlae 5 J$i

[IAR Embedded Workbench Collection 2010 )

Jb o J S

o9 & 1)z Ken 0591 S 58 dbw Doy OIS LL Sl
JIEW '["'1| o3ls ,1,8 38 o baws il JU s yg 1, USB
Sosb 4 ol a8 5 USB sl Lol 5,50 G5l 6 pm e
E92)- 058 Joe 25K pudtes g 4 a5 Jo5ke Olgie 45 wlgn
398 58 Jr09 USB )90 K 4 Jojle alalKian (F JSo 45 5900
o 53 45 ol b Ss Olsic s 1y oo guals
Al (o0 00 03l OLES H9aig I8l s

Sl S o S |y s> 4ea 9,50 o 34290 Firmware
r:Lo.? 35l USB wlbls )l 5590 55 52 ol 0,8 &8 cunds
53 85l ol 31 Olicabl Jgaas 225 plosil Wb L a5 4]
1ol 03,8 )y pusmo [, .cOMM &9 sae 453,28 5 asl
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Capacitance 50nF to 9999puF 0.01nF  +(0.8% + 3d)
Line Frequency 5Hzto 200kHz 0.0001Hz +(0.002% +
4d)

Temperature -58 to 1832°F (-50 to 1000°C) 0.1°
+(0.3% +1°C/2°F)

Duty Cycle 0.1%t0 99.99% 0.01% +(3d/kHz + 2d)
Dimensions/ Wt 7.32 x 3.42 x 1.39» (186 x 87x 35.5mm) /
0.751b (340g)

price: $500

3,3 USB b il ,5900lS” a5 Jlasl sl 0 oKt ol

3,15 Gl Gud sl 590l 4 Jlasl (s 457 oK (ol

ooyl b 5l i5 b g ECAIR -ols-Lay (S :pobie
&ag;ﬂ' L A 90 oaules
(REZASHAFAGI@YAHOO.COM) iiis Lo : 6dun g

ol Jea Yo g 0 a5 Y- .
@ yie a8 g3ae ya =Y bs gy, Mg Ve g9, el ST
Al oo Ve sl olis
s> sla e oo 5l sl Ages LIS
*0.02% (MM570A) and 0.03% (MM560A) basic DCV
accuracy
* 50,000 count (500,000 for DCV
and Hz) backlit LCD display with
bargraph
* Filtered frequency function with
adjustable trigger levels for variable
speed motor drives and high voltage
applications
* Special True RMS combination
AC+DC function for measurements
of rectified AC (non-symmetrical)
voltage & current waveforms
* AC/DC current to 10A with
0.01pA resolution
* 4 to 20mA, displayed as 0-100% for process current
measurements
* Max/Min recording with autoranging
* Capacitance, Frequency, Resistance, Continuity, Duty
cycle and Diode tests
* High resolution to 11V, 0.0001Hz, 0.01Q, 0.01pA and 0.1°
* dBm measurements with 20 selectable impedances
* Features include Auto Power off, Relative & Hold
* Peak function captures transient pulses
* On power-up, meter defaults to last set function
* Audible and visible test lead misconnection warning
* Optional Windows® 95/98/NT/2000/ME/XP compatible
PC communication software and optically isolated cable
* Complete with test leads, Type K thermocouple probe
(-22 to 572°F/-30 to 300°C)(MMS570A), protective holster
with stand and 9V battery
Additional Features Model MM570A:
* Up to 100kHz True RMS ACV bandwidth
* 1000V input protection on all functions
*T1, T2 and T1-T2 dual Type K input temperature display
in °For °C
Specifications Range Max. Resolution Basic Accuracy
(Yerdg+digit)
DC Voltage 500mV, 5V, 50V, 500V, 1000V  0.001lmV
+(0.02% + 2d)
AC Voltage 500mV, 5V, 50V, 500V, 1000V 0.0lmV
+(0.4% + 40d)
DC Current 500pA, 5000pA, 50mA, 500mA, 5A, 10A
0.01pA  +(0.1% + 20d)
AC Current  500pA, 5000pA, 50mA, 500mA, SA, 10A
0.01pA  +(0.7% + 50d)
Resistance () 500, 5k, 50k, 500k, 5SM, 50M  0.01Q
+(0.07% + 2d)
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LabVIEW 2009 SP1 Professional

#DVD 1~4

- LabVIEW 2009 Platform

_LabVIEW English (Base/Full/Professional)
_Real-Time Execution Trace Toolkit
_LabVIEW SignalExpress

NI Motion Assistant

_Real-Time Module

~ FPGA Module

_Vision Development Module 2009
Control Design and Simulation Module
MathScript RT Module

_Statechart Module

_PID and Fuzzy Logic Toolkit
_Simulation Interface Toolkit

_System Identification Toolkit

_Report Generation Toolkit for Microsoft Office
_Database Connectivity Toolkit
_Internet Toolkit

Advanced Signal Processing Toolkit
_Digital Filter Design Toolkit

_Adaptive Filter Toolkit

Desktop Execution Trace Toolkit

VI Analyzer Toolkit

_Unit Test Framework Toolkit
_DataFinder Toolkit

_Microprocessor SDK

_Mobile Module

_Datalogging and Supervisory Control Module
_Touch Panel Module

NI SoftMotion Module

_Sound and Vibration

NI Device Drivers DVD - August 2009

4 LabVIEW 2009 SP1 Professional Full AddOns )

Jasl s oSS (500 40y ¢ (5 436y sl LIl L TADVIEW 1l p 5
oo 58l 5 nl 5l g pin <80 S Glaridy g saate S8 9 (2L @l F b
sla Toolkits 9 Modulesy Add-On I JslS" dcgos suilys (o dcgamme ol )3

J,'jo)himlgﬁasl.:)b |))|)3| 'B)J U'll le).! S92 g

#DVD 5

- LabVIEW 2009 Service Pack 1

- NI DIAdem 11.1

- LabVIEW 2009 SP1 Control Design and Simulation
- LabVIEW 2009 SP1 Datalogging and Supervisory
Control Module

- LabVIEW 2009 Touch Panel Module

- NI Vision Development Module 2009

#DVD 6

- LabVIEW 2009 Embedded Module for ARM Micro-
controllers

- LabVIEW 2009 Sound and Vibration

- LabVIEW 2009 SP1 Real-Time Module

#DVD 7

- LabVIEW 2009 SP1 FPGA Module
- LabVIEW SignalExpress 2009

- NI TestStand™ 4.2.1

- NI-VISA Full

#DVD 8
- NI Vision Acquisition Software
- NI Vision Acquisition Software 2
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Wi-Fi/WIMAX Dual Mode RF MMIC Front-end Module
Ping-Hsun Wu, Shih-Ming Wang and Ming-Wei Lee
Information and Communication Research Laboratories,
Industrial Technology Research Institute, Taiwan

Abstract — A dual-mode RF front-end module
is designed and implemented for Wi-Fi/WiMAX
applications. It consists of a front-end MMIC and a
dual-band power amplifier MMIC, both fabricated
by 0.5m E/D-mode p-HEMT process. The front-end
MMIC integrates a single-pole triplethrow antenna
switch, two low noise amplifiers, a low pass filter
and a diplexer in single chip. Overall module size
is compact 7 mm x 10 mm, well tested with Wi-Fi/
WiMAX OFDM signals.

Index Terms — Wi-Fi, WiMAX, dual band, RF
front-end,power amplifier, pHEMT.

I. INTRODUCTION

The development of WiMAX brings a revolution
in wireless broadband communications. WiMAX
covers many popular applications such as cellu-
lar, wireless LAN and last-mile Internet-access
technologies. Because of the complicated modula-
tion scheme of WiMAX signal, the RF front-end
module requires high linearity and high power
handling capability. InGaAs E/D-mode p-HEMT
technology is an attractive solution for WiMAX
RF circuit[1]. Enhanced-mode pHEMT is suitable
for RF amplifiers due to its low noise, high trans-
conductance and high linearity. Depletion mode
pHEMT is favorable for antenna switch due to
its low turn-on resistance, high isolation and high
power handling capability.

In this paper, an RF front-end module comprised
of a front-end MMIC and a dual-band power am-
plifier both fabricated by WIN semiconductor 0.5m
InGaAs E/DpHEMT process is demonstrated.
As shown in Fig.1, it is designed for 2.4-2.5 GHz
Wi-Fi and 3.4-3.6 GHz WiMAX bands. Dual-mode
solution ensures full access to wireless environment.
In section II we present a front-end MMIC which

integrates a single-pole triple-throw (SP3T) antenna
switch, two low noise amplifiers , an RF low-pass
filter and a diplexer. The MMIC size is 1.65 mm x
1.35 mm.

Next, in section III we present a dual-band class-
AB power amplifier with fully-integrated input and
inter-stage matching circuits. Dual-band matching
circuits are designed to optimize the gain and power
performance of each mode. The MMIC size is 1.0
mm X 2.0 mm. Finally, a complete RF front-end
module including the two MMICs is demonstrated
and tested with standard Wi-Fi and WiIMAX OFDM
signal. The measured results will be discussed in

Fig. 1. Proposed Wi-Fi/WiMAX RF MMIC front-end

section I'V.
II. FRONT-END MMIC DESIGN

The proposed front-end MMIC includes an SP3T
antenna switch, two low noise amplifiers, a low
pass filter and a diplexer, as shown in Fig.1. For
dual band operation, two independent low noise
amplifiers are designed at Wi-Fi and WiMAX bands
separately to avoid interference. A diplexer for re-
ceiver signal separation and filtering is also integrat-
ed on chip. The low pass filter on transmitting path
is used to filter out harmonics from power amplifier.
A. Low noise amplifiers

In this work, enhancement-mode p-HEMT transis-
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tors are used in low noise amplifiers to earn low
noise figure and drain current. Additionally, high
quality integrated passive devices can be built due
to low-loss characteristic of GaAs substrate. Fig.2
shows circuit schematic. The input port is matched
to the output port of antenna switch and the out-
put is optimized for maximum power transfer to
diplexer. Bias and stabilization circuits are designed
to minimize noise figure with low current, high gain
and high linearity. The drain current of the cascod-
ed transistors is limited below 5 mA to save power

Fig. 2. Schematic of low-noise amplifiers.module.

without linearity degradation.

B. Antenna switch

Depletion-mode pHEMT transistors exhibit low
turn-on resistance and high power handling ca-
pability. It is desirable for antenna switch. In this
work, the switch transistors are put in series-series
configuration to provide high isolation. Multi-gate
transistor structure further improves isolation with-
out increase in circuit area and linearity degradation.
Additionally, the power handling capability is higher
because the voltage distribution is more uniform[2].
The corresponding transistor size is determined by
the requirement of Wi-Fi and WiMAX standards.
Larger transistor provides higher power handling ca-
pacity but poor isolation because of more parasitic
capacitance in off-state.

C. Integrated passive device - low pass filter and diplexer
Integrated passive device has been developed to reduce
cost and size of RF modules[3]. It is applicable in proposed
MMIC because GaAs substrate has lower loss. To meet
Wi-Fi and WiMAX standard simultaneously, the insertion loss
in the transmitting path of the proposed RF front-end module is
limited to 1.8 dB and the noise figure in receiving path is limit-
ed to 3 dB. On these constraints, the low pass filter is designed

in parallel resonant circuit, with spiral inductor and parallel

MIM capacitors. The transmission zeros are allocated in sec-

ond and third harmonic frequencies of WiMAX band. Para-

sitic inductances and capacitances of GaAs substrate and metal
lines are EM simulated to optimize the performance.

An on-chip diplexer is designed to separate Wi-Fi and WiMAX
signals. In Wi-Fi mode, a low pass network plus a second-or-
der band-pass network is synthesized to suppress signal below
1.8 GHz and provides isolation in the WiMAX band. Simu-
lated insertion loss is 3.6 dB and isolation is more than 20 dB.
In WiMAX mode, a highpass architecture is synthesized to
suppress signal at Wi-Fi band. Simulated insertion loss is 1.4
dB and isolation is more than 20 dB, too.

The front-end MMIC is optimized for Wi-Fi and WiMAX
bands, respectively. On-chip routing between antenna switch,
low noise amplifiers and integrated passive devices is matched

for better noise and linearity.

i— —recm“-——l|'n_i:||a|.::|
i+

Fig. 3. Schematic of on-chip diplexer.

III. DUAL-BAND POWER AMPLIFIER DESIGN

To minimize chip size, power consumption and
meet various wireless applications, multi-band pow-
er amplifier architecture is investigated. Engineers
may use one broadband matching circuit to cover
multiple standards[4]-[5]. Nevertheless, a more
straight approach is applying multiband matching
circuit in desired bands.

In this work, a dual-band power amplifier MMIC is
designed and fabricated by enhancement-mode p-
HEMT technology. The cut-off frequency is above
30 GHz. According to [6], the ability to operate from
a single power supply and good power handling ca-
pability at low bias voltages makes enhance-mode
pHEMT transistor attractive for RF power genera-
tion in portable wireless applications. Its high ther-
mal stability and linearity are also superior for high-
power application such as WiMAX.

Fig.4 shows the proposed dual-band matching net-
work comprised of a high-pass and a low-pass net-
work in series connection. The matching network
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transforms the impedances at two different frequen-

Fig. 4. Proposed dual-band matching network

cies to 50. Fig.5 illustrates the operation mecha-
nism and the corresponding impedance loci of dual-
band matching network. In this case for example,
two different impedances at different frequencies
Z1 hi=250 and Z1 lo=150 are both matched to 50
using four lump elements. The matching network
can be optimized for best RF performance.

Fig. 5. The impedance loci of dual-band matching network.

Fig. 6. Schematic of dual-band power amplifier.

The schematic of the dual-band power amplifier is
shown in Fig.6. The input and inter-stage match-
ing circuits are fully-integrated on chip. Output
matching circuit is implemented by off-chip surface
mount devices for lower loss. The bias conditions

for WIMAX mode 1s Vdd=5 V and 1dd=744 mA.
For Wi-Fi mode, it is Vdd =3.3 V and Idd =166 mA.

IV. MEASUREMENT RESULTS

A. Front-end MMIC

The front-end MMIC is measured without external
matching or biasing circuits. In transmitting mode,
the insertion loss is 1.4 dB in Wi-Fi and 1.8 dB in
WiMAX bands. Input P1dB is more than 34 dBm,
sufficient to operate with typical Wi-Fi/WiMAX
power amplifier without power and linearity degra-
dation. The receiving mode exhibits 11.2 dB of gain,
2.5 dB of noise figure and 0.5 dBm of input P1dB at
Wi-Fi band. In WiMAX band, the receiving mode
exhibits 13 dB of gain, 2.8 dB of noise figure and
-1 dBm of input P1dB. The return losses are more
than 10 dB in each mode. Power consumption of re-
ceiving mode in continuous-wave

Fig. 7. Measured S-parameters of front-end MMIC.

Fig. 8. The photographs of (a) front-end MMIC and (b) dual-
band

operation is 15 mW. The isolation of receiving mode
in both bands is excess 30 dB, provided by diplexer
and matching circuits of low noise amplifiers. Mea-
sured Sparameters are shown in Fig.7.

B. Dual-band power amplifier

The dual-band power amplifier is measured on board.
Power gain is more than 25 dB and the return loss is
better than 10 dB in both Wi-Fi and WiMAX modes.
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Fig.9 and Fig.10 show measured RF power perfor-
mance. The output P1dB for Wi-Fi and WiMAX
modes are 25.5 and 32.9 dBm, respectively.

Fig. 9. Measured power performance of the dual-band power
amplifier at Wi-Fi mode

Fig. 10. Measured power performance of the dual-band power
amplifier at WIMAX mode

C. Complete RF front-end module

The complete module in Fig.1 is implemented as
shown in Fig.12. The proposed RF front-end module
is tested with standard Wi-Fi and WiIMAX OFDM
signals. Fig.11 shows the test result of transmitting
path on the criteria of 3% EVM in Wi-Fi mode and
2.8% EVM in WiMAX mode. The power delivered
by the module exceeds 20 dBm in Wi-Fi mode and
25 dBm in WiMAX mode. The RF performance is
well tested for Wi-Fi and WiMAX applications.

Fig. 9. Measured power performance of the dual-band power
amplifier at Wi-Fi mode

Fig. 11. Constellation and spectrum diagrams in the EVM
tests of proposed RF front-end module. (a) Wi-Fi mode, 3%
EVM and (b) WiMAX mode, 2.8% EVM.

V. CONCLUSION

A dual-mode RF front-end module comprised of a
front-end MMIC and a dual-band power amplifier
MMIC both fabricated by WIN semiconductor 0.5m
InGaAs E/D-mode p-HEMT process is implement-
ed and demonstrated. The front-end MMIC size is
1.65 mm x 1.35 mm and the power amplifier MMIC
is 1.0 mm x 2.0mm. The complete module size is
7 mm x 10 mm and is well tested for Wi-Fi and
WiMAX applications.
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