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ABSTRACT \
Two tones test is a method to quantify memory effects in

power amplifier (PA) with variable input power levels and
frequency. PA is excited with two different radio frequency
(RF) signals of equal magnitudes and is equally spaced from
centre frequency. Fifth order inter modulation (IM) is
significant when the fifth-order IM is relatively high
compared to the third-order IM. Using this method, input
output intercept point is measured at low side and high side
for fifth order and third order.
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I. INTRODUCTION

It was generally assumed that the effects of the fifth order IM
can be ignored. The out-of-band power caused by fifth order
IM is significant when the fifth-order is relatively high
compared to the third-order. In this study, the simulation and
analytical methods are applied to evaluate the TOI and FOI of
the RF power amplifier. This analysis also makes it helpful to
design RF power amplifiers for other different communication
standards [1-4]. A very simple PA input output diagram is

shown in fig. 1 in this diagram V,_ (t) is input voltage, G is

amultiplier constantand V, (t) is output voltage [6-7].

Vin(€) Vout(€)

Fig. 1 General PA
In linear PA, the output signal is equal to a constant times the
input signal, therefore

Vout (t) = G'Vin (t)
()
Practically PA is non linear, Taylor series (8,9-11) defines the
non linear PA in mathematically

Vout (t) = lem (t) + G2Vin2 (t) + GSVin3(t) """ + GnVinn (t)
@

For analysing above equation Vin (t) can be taken

as one tone signal or two tones signal. One tone and two tone

Vv, (t) signals are V cos at and

V, cosayt +V, cos m,t respectively. Here

A A
f,=1, ) and f, = f, +E, A is frequency spacing

and 1:c is centre frequency [6-7]. When two or more different

frequency signals applied at the input of PA then additional
signals are also generated with fundamental signals at the
output of PA. The new generated signals are inter modulation
(IM) products or harmonic components. IM products or
harmonic components have frequencies different from the
fundamental frequencies [10-13]. IM products can be in band
or out of band. Second order sum and difference products i.e.

f, = f, are the out of band IM products and the third order

products (2f, — f, and 2f, — f,) are in band products

and so on. All even (2™, 4" etc) order products that occur at
far from the fundamental frequency signals are out of band IM
products. But all odd order (3", 5™ etc) products that occur
near the fundamental frequency signals are in band IM
products [6, 7and 10]. The even order (out of band) products
could be easily filtered out but odd order (in band) products
are very challenging IM products in PA. This paper is
organized as: Section | introduction, Section Il is
mathematical analyses of third and fifth order intercept point,
Simulation results are presented in section Ill and Section 1V
presents summarizing the work with conclusion.

Il. THIRD AND FIFTH ORDER

INTERCEPT POINT

The third order intercept (TOI) point corresponds to the
fictitious input or output level at which the third order IM
product would exhibit the same level as that of the
fundamental at the output. Similarly the fifth order intercept
(FOI) point corresponds to the fictitious input or output level
at which the fifth order IM product would exhibit the same
level as the fundamental at the output. Fig 1 shows the TOI
and FOI points [14-18].

IMD3,
Slope 1:3 Pout
(stop ) (Slope 1:1)

IMD5
{slope 1:5) TOI

Pout (dBm)

Pout (Non Linear)

FOI

Pin {(dBm)

Fig 1 Third and fifth order intercepts points
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The equation 2 can be written for odd order distortion 3 1
component as [7]. G, (V, cosayt +V, cosmyt )’ = 4GV cosmt + 2GV cos3mt +
2n-1
= - CoSmt += cos3w,t +
out t Gﬂ in t ZG3V23 2 ;C;?,VZ:3 3 2
n=1(odd) 3 3
V() =GV, (1) +G\V, (1) + GV, °t).....+G,, V., (t) EGsvaz.cos ot +ZG3V12V2 [cos(2mt —myt)+cos(2at + at) |+
3)
Equation 3 is described as odd quintic polynomial: gG3V1V22.cos wt +%Gsle22 [COS(Zth —at)+Cos(2m,t + wlt)]
3 5
Vout (t) = Gl\/in (t) + c;:%Vin (t) + GS\/in (t)
4
Solving quintic polynomial is very big problem if a two tone
signal V, (t) =V, cosat +V, CoSm,t is given to the 11

PA. 1% 2" and 3 terms of equation 1 can be solved
separately. 1% term (lein (t)) can be written as [6-7, 19-

20]:
3 _ 3 3 3 2 3
GV, (1) =G, (V,cosat +V, cosm,t) (5) GV, (t)=Gq {ZVl TSV cosat+Gy | 2V VZV cos m;t
. 3 . .
The 3" order that is 2™ term (G?)Vin (t)) of equation 1 will %vala cos3at + G, lvzs cos 3t +

3 N
produce G; (V, COS @yt +V, COS ,t )", which i equal to +§GSV12V2 [c08(20, — o, )t +05(2a, + , )]+
4

G, (Vi cos’ mt +V,* cos® mt + 3V, V,cos”mit.cos wyt + 3VV, cosat. cos’ wyt)

(6) +§63V1V22 [ cos(2m, -, )t +cos (20, + o, )t |
Again each term of equation 4 can be expanded one by one as 4
Now . & o [ 11 (12)
V,* cos® ot =V, (cos® mt.cosat) =V, (7+7c052a)1t)cosw1t 5
2 2 The 5th order of polynomial that is 3" term (GSVin (t)) of

1 1 , .
= EVl3 cos mt + Evf cos 2mt.cos mt equation 4 can be written as
5

; ) V..’ (t) =G; (V, cosamt +V, cos a,t)
=2V cosat+-V,*[ cos(2mt — et ) + cos (2t + ) |

2 4

(13)

=G,V,” cos® mt +G.V,’ cos® myt +
= 1Vf coswjt + 1Vf [ cos(at)+cos(3mpt) | = §V13 coswt + 1Vf cos 3wyt ot ' 52 2

2 & N 2 5G,V,*V,c0s* mt.cos myt +5G,V,V,cosmt.cos’ myt +

Hence 10G V3\/ cos’mt.cos’ wyt +10G.V,V,*cos’ mt.cos® w,t
3 1 (14)
3 Anc3 _9ys3 VL
V' cos” ot = 4V1 cosapt + 2V1 cos 3at Each term of equation 14 can be expanded one by one, the 1%
(M term(V,* cos® mt) is
Similarly . ( 15 ! 5) . )
3 1 V;> cos” mt =V,” cos” mt.cos” mt
Vv, cos’ m,t = ZV23 cos w,t + EVZP’ cos 3m,t ' “4Th “ 4
(15)
Al ® 3 2
0 Putt the value of (COS wlt) from 7 and (COS a)lt)
AV, cos” wt.cos ,t = (3V,V. COSwt)(MJ 3 1 1+ cos 2mt
v : ’ P 2 =G\V,° (Z cos @t +-V; os 3wltj(le
3 3
= EVIZV2 .COS ,t + EVfV2 .COS ,t.COS 2t GV

—L (3cosyt +2c0s3wt) (1+cos2amt)

3V,V, cos? ayt.cos w,t = gvaz.cos ot + %vaz [cos(2mt - a,t) +cos (2axt + wyt) ]
5

GV,
) =—"1(3cosat +2cos 3t +3c0S @;t.cos 2at + 2€0s 3wit.COS 2t )
Similarly 8

3V, cos jt cos® w,t = gvlvzz.cos ot+ %vlv; [cos(2w,t — mt)+cos(2m,t + wit) ] ;
G.V, 3
(10) = %[3 cosayt +2cos3mt + E(cos wt+cos3mt)+Ccos mt +cos 5a)1tj
Combine equations 7 to 10
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GVer 7 =106V, ( 005w1t+l cosSwt](Mj
=—=1| ==coswt+—cos3mt +Ccos5mt 2 2
2 2 18 GV, V,? (3cos eyt +2c0s 3t ) (1+0s 2myt)

. 1% term (G,V,” cos® et ) of equation 14 i 10

L erm| gV @y ) orequation 14 1s 8GV3\/2(3005@t+20053w1t+3005mcosZwt+20053mtcosth)
11 =G V cosaot +— ! G V cos3mt +— 2 G V cos5mt :EGEVf\/f[3cosa>lt+20053a)1t+%(cos(2wz+w1)t+cos(2a)2—wl)t)%(cos(Swz+2a>1)t+cos(3wz—2w1)t)j

6 16 16

(16) :%Gsvﬂzz(scomlt+40053a11t+3(cos(2w2+wl)t+cos(2wz—a)l)t)+2005(3a12+2a)1)t+2cos(3wz—2wl)t)

Similarly 2™ term (G V, ® cos® a)zt) can be written as

11

*. 5th term (1OGSV13\/2200536()1'[.COS2 a)zt) of equation
—66 V,° cos m,t + — 16 G JV,” cos 3wyt +— 16 G V,” cos5m,t

14is
(17 %Gsvﬁ/; cos %Gsvaf cos3at +%65va; c0s(20, + )t +%G5V13VZZ c0s(20, - )t
3 term (5G5V14VZCOS4(01LCOS 602'[) of equation 14 can

+@GSV13\/22 c03(3w, + 2 )t +@G§Vf\/2Z c03(30, - 20, )t
be expanded as 8 8

.31 term

=56\, (cos’mtcos’ ot cos ) (20)

similarly 6" term (10G,V,V,’cos’at.cos’ ayt) o

equation 14 can be written as

( (1+ cosZwt ) cosa, )

30 20 15 15
_% V 2 ( 1+ cos’2mt + Zcoszm)cos a)zt) EGsvf\/f cosm,t + EGsvf\ll2 cos3mt + EGSVf\/f cos (2w, + @, )t+ EG5V23\/12 cos (2w, - @, )t
10 10
5GV 2( (t+cos 2a)1t+20052a)1t)coswz) +§GSV23\/12 cos(i%rul+2a)2)t+§GSV23\/12 c0s (3, - 2w, )t
SGZ { 1+C054w1t+20032a)tj005w2tJ 1)
GV Combine 16 to 21 3" term
3+cosdat +4c0s2m;t ) cos o, 5
y l Jose) (Gs (V,cos ot +V, cosm,t) )of equation 4 is
SGV 2 (3c0s m,t + Cos4myt. oS oyt +4c052001.COS ) 1 7 9
8 GV cos @yt +— GV, cos3at + — GV, cosBamyt+
5G,, 1 4 16 16 16
=——-21 3cosw,t +=(cos(4w, +, )t+c0s (4w, -, )t)+=(cos (2, + @, )t +00s (20, - @, )t
( ’ 2( (doy )t os{ et =) 2( (20y+0, )t 05(20y-03) )] %GSVZScoswzt+%GSVz5cos3wzt+%GSVz5cosSwZH
— 5G5V14VZ
_T(Scoswzt+COS(4a)1+wz)t+cos(4a)1—a)z)t+4COS(2a)1+a)2)t+4COS(2a)1 o)t %Gsvaz c05a)2t+%G5V1“\/2cos(4w1+w2)t+%GSV1‘Vzcos(4w1—wz)t

4 . .
(565\/14\/2COS @1.CoS 602'() of equation 14'is +%G5Vl“\/zcos(2wl ro,)t +%G§V1‘*\/Zcos(2a)1 ~o,)t+

30 5 5

= G\V,'V, cos m,t +—GV,V,c08 (4, + @, )t + — GV, V,c0s (4, — w, )t
O g GNicos( ’ @GSVZ“Vlc05m1t+iGsvz“Vlcos(4w2+m1)t+EGSV2‘Vlcos(4w2—w1)t
20 20 16 16 16
+EGSV1‘\/2cos(2m1+a)2)t+EGSVfV2cos(2a)l—a)2)t 2 2
+EG5VZAV1(JOS(20)2 +a)t +EGSVZ"\/1COS(2wZ -a)t+

(18) %Gsvaj cosmt+ %Oeyfvf cos3ut +%G5V13V22 c0s(2a, + o, )t Jr%GSVf\IZ2 c0s (2w, - o, )t
- 4
similarly 4th ~term (5G,V,V,Cosmit.cos* oyt ) of 365\,1%05(3%+2wl)t+@Gsvmzcos(3wz_mw
equation 14 can be written as

@GSVZ“Vl cos mt + > GV, V,cos (4w, + m )t + > GV, V,cos (4w, — o Jt
16 16 16 +§GSV2’\/1Z c0s(3a, +20, )t 4 3 GsvalZ c0s (30, - 2, )t

GVNZcosw2t+ GV3\/20053a)2t+ GV3\/2cos(2w1+wz)t+ GV3\/ 00s(2, -, )t

+ % G.V,"V,cos (20, + o, )t + % G.V,'V,cos (20, - o, )t )
*. 3% term (GSVin5 (t)) of equation 4 is
(19)
5th term (10(3&.,V13\/220083a)1t.COS2 a)zt) of equation 14
can be expanded as

3 2
Putt the value of (COS a)lt) from 7 and (COS (02'[)
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11 30 30
[E GV,° + Eesv;vl + EG5V13V22 j cosmt +

[% GV,” + @

[ LASYS t 20

Gsvl‘”\/2 + % GV, V) ) cos myt +
G,V,V,” |cos3mjt + ! —GV,’ L2 GV3\/ cos3myt +

16 16

2

EGsvl5 cos5w;t + EGsst cos5m,t +

[QGSVI“\/2 + EG5VZ3\/12)005(2(01 +o,)t+ [@GSVI‘”V2 + EGE)VZS\/f]cos (20, -, )t +

[16GV‘”V += Gvf\/zz)cos(sz+w1)t+[ GV, V,” + GV“Vjcos(Zwz o)t+
G 2 3 2 1OG WA 3 2

E oV, V, cos (3w, + azl)t+— WV, c0s (3w, — 2, )t +

10 ;2 10 N

?GV cos(3wl+2w2)t+§GV cos(3a, — 2w, )t +

%Gsvi‘”\/zcos(Aw1 +,)t+ %Gsvl“vzcos (40, -, )t +

%GSVQ"Vlcos (40, + o)t + % G.V,'V,cos (4w, — o, )t +

(23)
Odd quintic polynomial
(Gl\/in (t) + G3V n3 (t) + GSVnS (t)) OUtpUt (Vout (t))

after Combine equation 5, 12 and 23 is.

(GV+SGV s 3evvz ey Ve + 20 GVfVZZJcosa)lH
4 2 16 16

(GV+§GV +G, V2V+ GV5 GV“V+ GV3\/ Jc03w2t+

(iegv Loy +ZOGV3\/2 c033w1t+[ GV, +7
2 16 8 1

GV cosSa)t+ GV cos5w,t +

GVZV + G AVAYA +—(35V23\/12)cos(2w1 +o,)t+

4
3 220
V.V, GV“V+ GV3\/ cos (2w, + )t +

3

(BGV2V+ GV“V+ GVSV jcos(Zazl—wz)t+
( GV, W Gv’\/2

6 204 AVAY )cos(Zm2 o)t+
2 10 2
—Gsvf\lz cos (3w, + 2a)1)t+—G5V13\/2 cos (3w, — 2w, )t +

%GVW COS(3Q}1+2(02)t+%GV3\/2005(3601 20, )t+
5 5
EG5V14\/2COS<40)1 +o,)t+ EGSV;‘VZCOS (40, — 0, )t +

%GSVZ‘”Vlcos(m2 +a)t
(24)
From equations 24, the odd quintic polynomial gives the

results in the frequency components
w,,0,,30,,30,,50,,50,,20, + 0,, 20, - 0,, 20, + 0, 20, — 0, 30, + 20,,

+%(35V2‘”Vlcos(4w2 —a)t+

3w, —2w,,3m, + 20,30, — 20,40, + &, 4o, — 0,40, - 0,40, + o,
are at the output of PA. In this work f ang A are 2.6GH;
and 20 MHg respectively then

f, =2.59GHz and f, = 2.61GHz . These frequency

components are calculated and found that;

20, + ,, 20, + @, 30, + 20,,30, + 20, 40, + v,

4o, - 0,,40, - 0,40, + 0,,30,,30,,50,, 50,
are the out of band products. These can be easily filtered out.

But 20, — @,, 20, — @, 3w, — 20, ,30, — 2, are
in-band components, these contribute for the in-band
distortion at the output of PA. After filtered the out of band
products the equation 24 is

3 3

(lel +2GV+ 2 GVV,” + %GFM5 30

16

3gGV“\/ GV3\/ jcosa)zt+

—GV, NV, +— GV‘"’\/zjcosCoH

GV, +— GV +G, V2V+ 6GV5

3

GVV + 20
4

5 =GV, jcos(Za)2 ) t+

GGMZV +—G VY, + Gsvf\/fjcos(Zw1 —w,)t+
( 63, +

8 g V.V, cos (3w, — 2, )t + 1: G.V, V% cos (3w, — 2, )t

(25)
Equation 25 can be re-written as
Ky, cos ot + Ky, cosat + K, €05 (200 — @, )t + K;,€08 (200, — @y )t +
Ks, c0s(3w, —2m, )t + K, €05 (30, — 20, )t
(26)
K., Ky, are coefficients of 1% order,

Ks Ky, are
coefficients of 3" order and K, K, are coefficients of 5"
order. Intercept points by K, ,K,, and K., K.,

coefficients with fundamental coefficients K, K, are

T = GVSV )°°53w2t6alled third order intercept (TOI) point and fifth order

intercept (FOI) point respectively. The ratio of the n order IM
product component to the fundamental frequency component

is n order IM Distortion(lMDn), subscript N denotes the

order of the IM product [1, 20-22].
1. TWO TONES ANALYSES

Two tones simulation set up is shown in fig. 2, in this In this
work f.andA are 2.6GH; and 20 MH; respectively then

f, = 2.59GHz and f, = 2.61GHz.
order = 11 and RF power is 46 dBm.

Maximum IMD

SRC1
Vde=58Y Probe

Two-Tone Harmonic Balance
Simulation at one set of
input frequencies and powers )

| [ e—l—

T Freql1[RFtreqspacing’2

K1 t
P_nTon: 2 [Tem
¢ |PORT1 v_DC Tam1
| Num=1 SRC2 Mum=2
% Z=Zs Vde=20V "1 222 load
Froq[2]=RFireq+ispacing/2
= P{1]=dbmtow(RFpower-3)
Piz]rebmtow(RFpover-3)

M=l

Set Load and Source impedances at baseband,
fundamental and harmenic frequencies

VAR
EA [E] vir
Setthese values: 20=50 :/»;ZEU .

T VAR Load Impedanecess 1eq
_‘VAFH zl hh=ZpD+j'G = 1.5'RFfeq
RFfreq=2.5 Gz 2 hmd 0+j0 l f_2=2.5'RFfreq
fspacing=20MHz Z12=20+j0 £.3=35'RFireq
RFpower=46 _dBm z :| 20+j0 f_4=45RFheq
Max_IMD_order=11 21 d=20+]0 f_5=55RFheq
ZI15=20+]0 f_6=65RFfreq
Seurce Impedances=
Z_5_bb=20+0
Zs fund=20+ 0
25 2=204j0
Zs 3=20+)0
Zs 4=20+0
25 5=20+)0

Y | HARMONIC BALANCE
TR

HE1
WMaxOrder=Mas_IMD_order
Freq[1JFRFfieq-fspacing/2
Freq2I=RFreq+tspacingl2
Order{1)=11

Order{2j=11
UseKrylov=auto

Fig. 2 Two tone simulation set up.
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The output spectrum for 0 to 30GHz and zoomed output
spectrum 2.52 to 2.68GHz is shown in fig 3(a) and 3(b)

Output Spectrum
50
E|
= .
o -507
@ ]
) .
'150-‘II[I IIIIIIIIII[IIIIIII
0 5 10 15 20 0
freq, GHz
Fig 3(a) output spectrum
50
0 - 4 ¢
-50
-100
A0 T T
NONN NN N NN
a o a o o o O o
N B (o] (0] o N B ()]

freq, GHz

Fig 3(b) Zoomed output spectrum

Two tones analysis for single value input frequency and
power:

The single value (f;=2.59GHj, f,=2.61GH, and RF power 46
dBm) of two tones signal produce the fundamental output
power of both tones 8.219dBm and transducer power gain-
37.781. Input Output TOI and Input Output FOI for single
value at low side and high side are calculated as given in table
1.

Table 1: TOI and FOI of Input and Output for single

value
Intercept Input Intercept Output Intercept
Point Point (dBm) Point (dBm)
Low High Low High
Side Side Side Side
Third 7.192 9.032 44973 46.813
Order
FIth | 6972 | 8055 | 44753 | 45836
Order

Two tone single value with power added efficiency (PAE):

The single value of two tones signal produce the fundamental
output power of both tones 10.136dBm and transducer power
gain is -35.864, when high supply current is 0.453, DC power
consumption 2.627watts, thermal dissipation 7.667watts and

89°¢C

PAE is -195.564%. The input output TOI and input output
FOI for single value with PAE are calculated in table 2

Table 2: TOI and FOI of Input and Output for single
value with PAE

Intercept | Input Intercept Output Intercept

Point Point (dBm) Point (dBm)
Low High Low High
Side Side Side Side

Third 9.696 9.870 45560 | 45.734

Order

FIth | 9425 | 9400 | 45289 | 45.264

Order

IV. CONSLUSION

In this paper, the simulation and analytical approaches has
been used to evaluate the TOIl and FOI of the RF power
amplifier. In a simulation, a method based on two tone input
approach has been analyzed for the determining of TOI and
FOI in RF power amplifier circuits. From table 1 and table 2,
it has been concluded that input intercept point and output
intercept point are improved for TOI and FOI with PAE.
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