Class E Design Formulas
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Introduction

Thisfileisamodification of the routine dass-el.mcd. The modifications include:

1. The addition of finite Q component lossesin the overdl efficiency of the amplifier.

2. The effects of afinite device output capacitance. Later the effects of the nonlinearity of this capacitanceisdso
added. Thisderivation isfrom reference[1].

3. Units are added.

4. The overd| format of the routine is modified for easier use.

A problem with this anadlysisisthat it doesn't take into account overal tranamitter chain efficiency dueto finite gain loss
of the power amplifier. Thismay set an upper limit on the device sze, which will in turn make the drain capacitance
part linear capacitance and part nonlinear capacitance. The design aso does not take into account the input power
back- off required to meet ACPR (adjacent channd power ratio) requirements. Thiswill aso degrade efficiency.



Process Parameters

fF
Go:=04—
2
mm
fF
isw = 04—
Cisw -
m = 0.77
Vpi == 1V
2
= cm
' \sec
fF
COX = 2—2
mm

mA_nm:= 0.5%

Bottom Plate Capacitance for Zero-Biased Reverse Biased

Sidewal Capacitance for Zero-Biased Reverse Biased Dioc

Exponent for Reverse Biased Diode Capacitance
Fermi Potentid for Reverse Biased Diode

Device Effective Mohility

Device Gate Capacitance per Unit Area

Electromigration Limition on Line Width

mm
Limin := 0.5mm Minimum Line Width
VN =07V Threshold Voltage
Inputs

Vyd = 2V Supply Voltage

Vgt = 0.2V Minimum Device Drain to Source Voltage

Py = 1.25watt Power Available a Drain

Q:=7 Q of Matching Network (Optimum Vaue can be
found: Higher value leads to narrower band and
more dependence on process variations and
finite Q dements. Lower vaue degrades
efficency directly)

f == 09GHz Center Frequency

ty == 0.1nS Ri=Time

Standard Class-E Synthesis Procedure
w = 2pF w = 5_655% Center Frequency
sec
05774 Vyq - V. : .
Rg:= A d: ) Rg = 14960hm Device Load Resstance
a
R :
Lg:= O Lg = 1.851nH Matching Inductance
W
= 1 Cp = 21.707pF Matching Capacitances
WR5.447
=, M 0w/, 142 ¢ = 21.767pF
STPe 0 pe Q- 2080 & P
Vp 1= 3562%/(q - 25628 Vp = 6612V Peak Output Voltage

a. . 08¢, .

.



1+ — =2y A =U.1Ul
e Oo
2
L. (2pA)
a 12
lde == Vo - > lde = 727.896mMA DC Current
dd € u
lepa) @lmidg , (eA)y
6 e Vad g€ a
Ip = |dc>§1+ 1862@? - O—QSQE lp = 1986amp Peak Current
a0
Pdc = Vdddc Pdc = 1.456 watt DC Power
Pa ..
h := —x100 h = 85864 Efficdency
Pdc
Alinikula's Class E Design Analyis and Synthesis
Solution Assuming a Linear Capacitor
n:= i n =3.348 Subdtitute parameter for myj
1-m
P, . .
Cpi=—o Cp = 1759pF  Device Output Capacitance
2
PR/ g
Va2
R=—8 R=1846W  Load Resstance
p2 +4 Fa
2 2
_ a4V
X = pip 4) xdd X =2127w  Load Reactance
2 p2 + 4 Pa
VDmax = 2>p><a\tan§Jeg QNdd VDmax = 7.124Vv Maximum Drain Voltage
eprg
h=— R h = 0831 Drain Effidency
Veat
R+ 1.366—
ldc
Solution Assuming a Nonlinear Capacitor
" v 5 n+1 H
vp(a) = Vi Do + —tcos(q + ) - cos(f) T+ - 1
$W>C10>Vb|>(n + 1) R g Q
% . 6, v i
vpla) = v b|><;=(-“—>‘?q " fcos(q +1) - cos())i+ 4 - 17
ee( n+1) & Ripc a a a
.+l
vp(q,2) Vb, >cos ) +sin(q) - PO ]};I -1 Dran Voltage
2g U U

Using Root Finder to solve for z
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6 vp(0, Zgue)
2p G, ’ 20
Vad
0 R E—
-20
-10 0 5 10
Zguess
Vdd , .
z:= |Ipcguess ™ — z2=2642 Variable used for more efficient
R cdculation
IDCguess
“guess WXCp X/
& 1 6f 0
roote Veig - =0 V(9. Zguess) 401, Zguess.
e P % 2
& P 0
¢o vp(a,2bcos(q)dq *
fi1:= atang 0 = f1=18922deg Fundamental Frequency Phase
coP _ < Angle a node A
co vpla.zsin(a)dg -
&%
B P ('jz R P ('j2
a1:==x|%6 vpla.9cos(a)da’ + %6 vpla.Jsnlq)dq; a =343V Fundamenta Frequency
P e% g &% 2 Amplitude at node A
8 Vdd2
R:= R R = 1.8460hm Load Resistance
p2 +4 Pa
X = RotanF - atan®E2 200 X = 2312W L oad Reactance
e ep oo
C] 3.562%/qq
i = D _ . .
-- . = 41.837pF Drain Capacitance
z>Q>atan§°§~ Oy, G P
epg
IpC = WGy Ipc = 624998mA  DC Current
L=2 L = 0.409nH Load Inductance (if X is pogtive)
W
C:= _;( C=-76.473pF Load Capacitance (if X isnegetive)
W
Cres 1 Cres = 13687pF Resonant Capacitance
QxR
QR
Lres = —— Lres = 2.285nH Resonant Inductance
e 2¢ gt . .
VDmax = Vb,>§—>'§e2>etan 2200, Uy ypp=8764v  Maximum Drain Voltage
epog 0 a



N mAH_an‘3>L‘min N = 833.331 Number of Devicesin Pardld

The following equetion for the drain capacitance is based on alayout, where the drain islayed out

_ N GoBtminWo + CjSN>Q>(W0 + 3’Lmin)

2
G2
N S minGsw?2
Wn = .

0 Go®Lmin *+ Gaw?2 Wq =70863mm  Width of Each Segment
W = W w =59053mm  Width of Overdl Device
Length := Lmin + 3L minN Length = 1.25mm  Length of N Devices
Area:= Wt N Area=0118mve  Overal Areaof Device
Ron = ! W Ron = 0.109W On Resigtance of Device

mCox{Vad - VTN)—
Lmin
= R h =92569% Dran Efficiency
R + 1.365Rg

Choi's Class E Design Procedure

Notes about this design procedure:
1. It does not include the effects of inductive source degeneration, but instead models it as a resistive source
degeneration. The paper does not say what the degeneration is, but it impliesit is the same as the gate impedance
2. It does not caculate the input impedance, which is necessary for matching to the driver amplifier. Thisimpedance
changes during the cycle, so what vaue do you use for the input matching network? The average vaue?
3. It does not calculate the required input signal swing, Vs, to generate the required output power. It ispossible to use
the equations in reverse to find the required Vs, but will surely be non-linear, so iterative technques must be used.
Since iterative techniques must be used it might be more gppropriate not to solve the equations in reverse, but instead
use congtraint-based optimization to meet the two conditions of output power and maximize PAE.
4. 1t does not include paragitic losses of the output matching network. This should be asmple addition

W

— = 900MHz Center frequency of oscillator
2p
R := 500hm
Pout == Pa P, = 1.25watt Designed output power &t the drain.
Pout = 1waitt
Pout . .
Cy:= Cq = 14.072pF Drain capacitance
P/ g
Cm2
mN = 546 Device mohility
\/>sec
mA L. sqg:=1
Kp:=200— Instring ¢ transconductance
\/2 gatefinger:= 1
W :
Foe = 0.07 — Metal resistance
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re:= 1.8———W——— Metal-poly contact resstance
gatefinger
I . .
Re(N) = Iy + — Resistance in the source Rg(n) = 0.608W
[ gete'= 19~ Polysilicon sheet resistance
sq
Capo = 340 10 farad Gate to drain overlapp capacitance
m

W := 125mm Width of one finger
L := 0.5mm Length of onefinger

& gate W 0
rgi= £—x= + 1 = 160.133W 4 Gate resistance

e 3 L 1] g= . Rg(n).—rm -

Kyt
Cgs = __r_n;__ Cgs = 0.229pF Cge(N) 1= G Gate to source capacitance
Cgdo = CepoW . .

Cgdo = 0.038pF  Cgdo(N) := NCgein Gate to drain capacitance
(n)
Ca(n) = Caoln) + Cgsz
an 2 .
la(p) = ~ >SZX\/gs(lO)st(lf)) - Vas(p) E =2ipc
Vgm = 4.3V
Vsm

VgsmagN: Vsm) :=

J1+ gl + ro{cpin + )’

c(n) := atang w{Rg(n) + Re(n)){Cgs(n) + Ce(M);

Veela) = Vgamagn)sin(a + c(m) - 14(a)>Rs(n)

Vgs(q,n,vsm) = Vggnag(n,vsm)xsin(q + c(n))

VgsmagN: Vsm) = 4059V

c(n) =-0.337

Vee(p. N, V) = 134V

2
Vgs(p,nval,0V)
Vgs(p, nval, 2V) 1 _
Vgs(p ,nvd, 5V)

0 |

100
nval

2’9>W>Rs(n)>cd>(vdd - Vgs(p, n, Vsm)) - 2>p>w>Cd><|—<—LW

n

an) :=1- 2pwCaRa(N) aln) = 0.696

200

2 3,1
- Ve, N, Vem) = - 1114kgm" s~ A



> oo s

1+ 2pWRs(n)>Cq = 1.304
an) :=1- 20WR(MCd 1) = 0696

b(n1Vsm) = 2’%’9’W>Rs(n)’cd>(vdd - Vgs(p’ansm)) - 2’9"N>Cdﬁ - Vgs(IfJan:Vsm)lEI
e n u

b(n, Vem) = - 22279V

4>p>*WN Cy
Kp*—

L

b(n, Vsm) := - 2V/ggmag(n. Vsm)>sin(p + ¢ (m){1 + 2pwRe(n)>Cy) + SPwCe/geRs(N) -

b(n,Vem) = - 22279kgm"s "A™

L
c(n) = 4>p>W>Cden—)VV>Vdd c(n) = 40\/2

HpwCy
o(n) = w Vad c(n) = 4OV2

KnxT
2
| _-b(n, Vgm) + J b(n, Vsm)” - #a(n)>c(n)
Vdmln(n:Vsm) = 2a(n) Vdmin(n:Vsm) = 30094V

.
20
Vgmi n( nval, Vsm)
10
0
0 50 100 150 200
nval

40

Vmi n( n, Vsmval) 20

0 2 4
Vamva
Vdmin(n:Vsm) =0.05vV
a p""”Cd’(Vdd - Vdmin(naVsm))

Ioc(n, Vsm) := Py Ioc(n, Vsm) = 0.374amp

P Cq{Vyd - Vaminin, V
Pbc = Ipc¥bD PDC(”:Vsm) = 1:(L ;)iw;rx;(% Sm)) Ngd PDC(”:Vsm) = 0.748 watt
S




PDC(an ; Vsm) 05

0 0 50 100 150 200
nval
& : 5 Ibcin,V 3 Y
vl =0 <piocln Ve B « Bl - o)., PXI GG 20 Bl ).
€
& *Vamin(nVsm) +Vgmin(n, Vam) + 24pc(n, Vem)Re(n)

I4(a) = ifgq < p,IDc(n,vsm)»gi + §>sin(q) - cos(q)®, oM

g u
10
V(a)
5
Vdmin(nvvsm)
0
0 2 4 6
q
1
lg(@) 0
-1
0 2 4 6
q
|DC(naVsm)
Vdmax(n,Vsm) = 1-13*”;\/’)6;“ + Vdmin(n,Vsm) + 2>4DC(nstm)’Rs(n)
10
Vamex(val, Ven) 5 F
0
0 50 100 150 200
nva
2
W 3VQm rp:(Cm + Cnrlﬁ\
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Pin(n, Vsm) = — SEEEE— z’éz’vsm’(cgs + Cgdo) + Vamad N, Vsm)*Cga
1+ gwrg{cgs + Cono)l

w2>2\/5m n>(n>fm + rg) >(cg{S + ngo)

4 1+ W2>(n>rm + rq)2>(cgS + cgd0)2

Pln(nvvsm) = ’ﬁzwsm{cgs + ngO) + Vdmax(naVsm) Cgdq.

Pin(nval , Vsm) 0.5

0 50 100 150 200
nval
2 €
+4 BVR()Cd § t‘
Pout(n, Vem) = 2——Apc(n, Vem) Rl
20

Pout( nval, Vsm) 10

0 50 100 150 200
nval

Inc(n, Vem) >R>(p + 4)>§1+ aarv—>Rs(n)>Cdo 1
e

Efficiency(n,vsm) = SN 2 g u
dd
100
Efficiency(nval stm) 50
(_
0 0 50 100 150 200
nva
€ 2awRy(N)Cy & E'
- Inc(n, Vem) >R>(p * 4)»1 e ST £+ @Ry A Cee(n) + Caao(M)
Gan = % Gain(nval, Vem) = , e e
" 2V Ref(M){ Cgs() + Caio(M) ) E2Vsm{ Ce(n) + Cado(M)) + Veimax(N» Vism) et

1042 |



1041
Ga n( nval, Vsm)

1040
1039
0 50 100 150 200
nval
P
PAE(n,Vsm) := Efficiency - E‘l
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Copyright and Trademark Notice
All software and other materias included in this document are protected by copyright, and are owned or

controlled by Circuit Sage.

The routines are protected by copyright as a collective work and/or compilation, pursuant to federd copyright
laws, internationa conventions, and other copyright laws. Any reproduction, modification, publication, transmission,
trandfer, sde, digtribution, performance, display or exploitation of any of the routines, whether in whole or in part,
without the express written permission of Circuit Sage is prohibited.
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