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ABSTRACT

One of the critical and costly components in digital cellular
communication systems is the RF power amplifier. Theoretically,
one of the main concerns in an RF power amplifier design is the
nonlinear effect of the amplifier. Quantitatively, so far, no explicit
relationship or expression currently exists between the out-of-
band emission level and the nonlinearity description related to the

third-order intercept point (IP;). Further, in experiments and
analysis, it was discovered that, in some situations, using [P
only is not accurate enough to describe the spectrum regrowth,
especially when the fifth-order intercept point (IP;) is relatively

significant compared to the third-order intermodulation. In this
article, we analyze the nonlinear effect of an RF power amplifier
in TDMA (1S54 Standard) system, give an expression of the
estimation of the out-of-band emission levels for a TDMA power

spectrum in terms of the |IP; and the IR, as well as the power

level of the signal. This result will be useful in the design of RF
power amplifier for a TDMA wireless system.

1. INTRODUCTION

In the recent years, Time Division Multiple Access (TDMA) has
been recognized as one of the most efficient and reliable schemes
for cellular radio communications [1]. Asin other communication
systems, one of the critical and costly components in TDMA
system is the RF power amplifier. One of the main concerns in
RF power amplifier design is the nonlinearity of an RF amplifier
can degrade the quality of the TDMA signal, increasing bit error
rate and interference to adjacent channels. The nonlinearity
control is specified by the out-of-band power emission levels in
the 1S-54 standard [2]. The nonlinearity control is aso caled
spectrum regrowth. Traditionally, the nonlinearity of an RF
amplifier is described by using the third-order interception point
(1R;) [3]. In experiments and analyses, it was discovered that, in

some cases, using |P; only is not accurate enough to describe the

spectrum  regrowth, especidly when the fifth-order
intermodulation is relatively significant compared the third-order
intermodulation. Quantitatively, to the best of our knowledge,
there is no explicit relationship or expression between the out-of-
band emission level and the traditional amplifier nonlinearity
description for the TDMA signal amplification. The lack of such
a relationship makes difficulties for RF power amplifier designers
choosing components. In our early effort, we analyzed the
nonlinear effect of an RF power amplifier on CDMA systems [4,
5]. Continuing this effort into developing the spectrum analysis
approach for TDMA signals, we derive the expressions of the

estimated out-of-band emission levels for TDMA signal, present
the relationship between an amplifier's out-of-band power

emission levels and its nonlinearity parametéf, and thefifth-

order interception point (IP;). The results presented in this
article allow RF Amplifier designers to specify and measure the
TDMA signal amplifiers using simpléP; and IP; descriptions.

The expression turn out to be simpler and easier to use for the
case where R, may be ignored. In addition, a spectrum

comparison between the simulated and predicted results is
presented.

2. MODEL DESCRIPTION

2.1. The TDMA Signal M athematical M odel

Generally, the mathematical model of the 1S-54 TDMA signal
can be presented as [2]

st)= i Ah(t - nT, )cos [27£.t + 6, + ®, ]
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where h(t) is the baseband filter which have linear phase and
square root raised cosirfiequency responseA is a constant,
depending only on the minimum TDMA symbol energl,, is

the absolute phase corresponding torttile symbol interval, Tq

is the symbol period, equal #1.15us for 1S-54 standard f is

the carrier center frequenc§y is an initial phaseRe{[}] denotes

the real part of{§l, and g(t)= ZAh('{—nTS)ej(g°+¢"),
n=-co

which is a pulse shapedonreturn-to-Zero (NRZ) function. Its

Power Spectrum Density (PSD) can be obtained through a

lengthy derivation:

P, = A"RJH(f)* 2)
where Ry =1/T is the symbol rate, ant (f ) is theFrequency

Response of the baseband filter.
Since the spectrum of a band-pass signal is directly
related to the spectrum of its baseband envelope, the PSD of a

TDMA signal, s(t) can be expressed as [3]



[ ] Let y(t): F[r(t)] the Taylor expansion of O{s(t) can be used
| H S+ | H ( F-fe | @ to determine )7('{) Generally, the Taylor model of an RF
where S(t): Re{g(t)[éj%t} was presented in Equation 1. amplifier can be written as
Equivalently, the mathematical model of sft) can also yt)= S 2 45271(). ®)
be described as
s(t) = r(t)cosé (t)cos(znfct + 60)— r (t)sin 6 (t)sin (anct + 60) Here, only the odd-order terms in the Taylor series are
_ considered, since the spectra generated by the even-order terms
B r(t)cos[2nfct * 9(t)+ 60] are at least f. away from the center of the passband, the effects
= r(t)cos[Zn‘ ct+ 0] from these terms on the passband are negligible. Furthermore, as
4 a linear amplifier, the third- and fifth- order terms dominate in
where Equation 8 for distortion. Therefore, in this anaysis, the
3 e following model is used for an RF amplifier:
r(t)cosot)=1(t)= n:ZwAh(t ~nT,)cos®, v)= ast)+ )+ () ©
. w . Substituting the input passband signal s(t) =r (t)cos(anCt +6 )
rt)siné()=Qlt)= z Ah(t -nT)sin®, into y(t) of Equation 9 (after manipulation) produces
n=-o ~
o)=tan"{okt)/!1 ¢} e y(t)= () cos(rt ot +€) (10)
0=00)+6, 70)= )+ ()& r°0) ay
and r(t)=1/12(t)+Q>(t) is the baseband envelope of sft). Its with
Fourier Transform can be derived from the PSD of ¢ (t) P aq=a, a :§a3, as :§a5 . (12)
through alengthy derivation: Here, the coefficient a. isA;elated to thi linear gain G of the
F{r@)}=AJR H(f)] (5) | :

amplifier, and the coefficients a3 and ag are directly related to

where F {$ Is the Fourier Transform of {[} IP; and IR, respectively. It can be proven after a lengthy

e . derivation that the expression for these coefficients becomes
2.2. A Power Amplifier's Mathematical Model

G IP, P, G
Generally speaking, a practical amplifier isonly alinear devicein >0 _ %15 20 _ 2 % S ZE
its linear region, meaning that the output of the amplifier will not & =107, a3=- 210 » 85 == 10 -(13)

exactly a scaled copy of the input signa when the amplifier From Equations 10-13, it can be seen that an amplifier's output

works beyond the linear region. Considering an amplifier as a . . . .
functional box, it can be modeled by a Taylor series [3]. The y(t) is a function of G, IRy, 1Ry and the input 5|gnaB(t).

Taylor series model is only valid for a memoryless nonlinearity Consequently, using Equation 10 and the PSD s(tf) in
function. For a memoryless amplifier with only a few stages, a
Taylor series model is fairly good for predicting the o i )
nonlinearity. Therefore, the Taylor series is adopted for modeling emission levels can be determined. Therefore, all of the nonlinear
RF power amplifiers. Using the TDMA signd equivalent effects of the amplifier with the TDMA signals can be evaluated.

mathematical model s(t) in Equation 4, the output of an
amplifier generally can be written as 3. THE POWER SPECTRUM DENSITY (PSD)

y(t):O{s(t)}: F[r(t)]@:os{anCt+6 +d3[r(t)]} ©) OF THE AMPLIFIED TDMA SIGNAL -
where O{E} denotes the operation of amplifier, F[E] is the Now, the PSD of y(t) can be calculated. Since

amplitude to amplitude conversion (AM/AM), and dJ[E] is y(t): y(t)m:os(Zm‘ct +6)‘ the PSD ofy(t) can be determined
by the PSD ofy(t) as [3]

Equation 3, the PSD oy(t) can be calculated and the power

amplitude to phase conversion (AM/PM). The functions F[E]

. . - 1
andd:ﬁ[[] are dependent on the nonlinearity of the amplifier and P, (f ): Z[Py (f - fc)+ Py (f + fc)] (14)
modeing gﬁie we are generaly interested only in the output and then, the PSD o?(t) can be derived bWiener-Khintchine
band near the carrier frequency f,, the phase ditortion in the Theoremas [3]
band is negligible using a Taylor series mode, i.e., qJ[r(t)]:O _ ° 5 —j2rr 4. _ %
[6]. Therefore, Equation 6 becomes Ry ()= _.[ORV ()e dr=F {Ry (T)} - (19
y(t): O{S(t)} =F [r (t)] Ijtos(ZEfCt * 6) ' Y By definition, Ry (T) is expressed as

Ry ()=E{TO)F ¢ +7)} (16)



where E {[ﬁ is the mathematical expectation of {@

since 7(t)=ar)+a&r*0)+ar°(). By (f) cn
be expressed in terms of the Fourier Transform of r (t) through a
lengthy derivation as

R (1)=Flry 0= FET 0 ¢+
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where F{r t)}zA\/_[]]H

Was described in Equation 5.

Let B =[H(f) }/(A\/_) we can get
F{re)=A/R ®, F{r (t)}=(A\/§)3 R
F{re k=R . R=ROROR,
BR=RORUORUORDOR, in which I denotes convolution

operator. Also, the linear portion of the amplifier output power
P, can be described as[3]

P, =a] (R, =a] N'R?/2. (18)
Substituting P, P;, B and P, into Equation 17, and by the
relationship between Py(f) and FLy(f) in Equation 14, we can

where

obtain the final result of the power spectrum Py(f) of y(t) in

termsof G, IR;, IR and Py :
2 _IR
R ()= RE(1 = 1)- 10 0 (R(1 - )R(r - 1)

3 _IP5
2P° 10 5 B(f - f. )R (f - f,)
P3 lPS
+-210 5 P(f - f,)
2P4 _IPy _IR
=010 010 5 mRy(f - )R (F - 1)
5 21P

+%10_ 5 R2(f - f,).

(19)
where f. isthe carrier center frequency.
If IR isignored, Equation 19 will become
P
P, (f)=—>R2(f - f.)
R
op? -2
=010 0 R(f - f)B(F - f.) 0

P3 |P3
+EO10 5 RA(f - f,).

Several observations are made by inspecting Equation

P
20: the first term K" EPl2 corresponds to the linear output power

density; the remaining terms in Equation 20 are caused by the
nonlinearity. In other words, these remaining terms are due to the
intermodulation. For a linear amplifier, the intermodulation is
usually much lower than the linear output power. Therefore, the
intermodulation does not affect the passhand spectrum
significantly.

With the explicit power spectrum of the output TDMA
signa, the out-of-band spurious emission power may be
calculated in a particular frequency band. It is this power that
used in 1S-54 to specify the limit for the out-of-band control. To

keep the result easy to use, only |P; isconsidered here.

Let afrequency band be defined by f; and f, outside
the passband. Using the results from Py(f) of Equation 20, the
emission power level within the band (fl, fz), denoted as
P, (f1, f2), can be determined easily by

f p. . f
P|M3(flv fz):_]'fl2 Py(]c )jf :EOEJ—; Plz(f - fc)df

_op2 -2

f2
RSO 10 10 T, R(f

p3 _IB

f,
RZlO 5 . P (f - f,)df .

- £, )Ry(f - £, )df

(21)
Equation 21 can be also expressed as
_Ip IRy

C,10 5 +C,10 10 +C;=0 (22)
where

c =P R (t -t )or

qufl 3 c
_ 2P 1,

Co== , All

P, _f
Cy= 2o (1 = 1) =R (i 12)

In most design procedures, a designer is concerned with
the required IP; for a given out-of-band emission level. To

- f)R(f - £ )df (23

obtain the desired P, Equation 22 is solved for |1P; with given
P, (1, f2), which yieids

-Co+4/C3 -4CCs ]
|P3 = _10 [ﬂoglo (24)
S
where C;, C, and C; are described in Equation 23.

This result provides a direct relationship between the
out-of-band emission power of a TDMA signa power amplifier

and its |P;. With a given required IP;, the power amplifier
design for a TDMA signal becomes a conventional RF power
amplifier design.
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Figure 1. Power spectrum of amplified TDMA signal

4. DESIGN EXAMPLE AND COMPARISON
WITH SIMULATIONS

In this example, the result shown in Equation 24 is used to design
a 4Watt amplifier, which complies with the out-of-band

emission level control requirement proposed for TDMA
amplifiers. The out-of-band emission level controls required in
IS-54 are given as followings: The total TDMA signal bandwidth

is 30 kHz. In the band of (f, +18kHz) to (f,+47.5kHz),
the suppression level between the output power and emission
power at 0.72 kHz bandwidth must be larger than 45 dB..

For this amplifier, P, =4W and for the
(l‘C +18 kHz) to (fC +47.5 kHz) band, the corresponding
maximum P,Mg(fl, f2) is expressed as
_46

P, (f1, f2)=4x10 10 =0.1x107° W (25)

For the worst case, f; and f, are assumed at the lower edge of

[f. +18KkHz, f, +47.5kHz], that is

f, = f. +18kHz = f. +0.018 MHz and
f, = f, +18kHz + 0.72kHz = f_ + 0.01872 MHz.

Then, from Equation 24, the required |P; becomes

IP; = 48.6 dBm. For the band described above, in order to meet

the 1S-54 requirement, the TDMA amplifier must have an 1P; of

at least 48.6 dBm.
As we mentioned before, IR is not given in the data

book. Fortunately, |P; could be measured through atwo-tone test
[7]. Therefore, without loss of generality, |P; can be assumed as

45 dBm at the same output power level. Figure 1 shows the
power spectrum predicted from this example compared to the
spectrum given by simulation. The simulated RF amplifier

: : :
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— - Predicted IP3 and IPS
—— Simulated
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Figure 2. Power spectrum of amplified TDMA signal

5. CONCLUSION

It was assumed traditionally that the effects of the fifth- or higher
order intermodulation could be ignored. However, if the fifth-
order intermodulation is relatively high compared the third-order
intermodul ation, the out-of-band emission power levels caused by
fifth-order intermodulation could be significant.

In this article, we propose a theoretical method to
predict the output power spectrum of a TDMA standard RF

power amplifier so that the traditional nonlinearity parameter 1P,

and additional parameter |P; are linked directly with out-of-band

emission levels. This analysis makes it possible for RF power
amplifier designers to use a conventional approach to design RF
power amplifiers for TDMA signals. In addition to the results
presented in this article, this derivation approach can be applied
to out-of-band emission level analysis for other communication
standards.
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spectrum agrees with the analytically predicted spectrum in both
the passband and shoulder area.

The predicted result using only IP; vs. both IP; and
IR is shown in Figure 2. It can be seen clearly that a better fit
exitswhen both IP; and IR, areused vs. |P; only.



