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TEs¢-mode interaction. In the exact case the analysis indicated an isof4] N. Marcuvitz, Ed., Waveguide Handbookser. MIT Radiation

lation >30 dB over the operating frequency band of 18.95-20.95 GHz. _ Lab.. New York: McGraw-Hill, 1951, vol. 10.

The same coupler was treated as an example in [10], which present®! N- Moriguchi, K. Rokushima, and S. Mori, “Properties of the short slot
. L hybrid junction,”J. Inst. Elect. Commun. Engrol. 47, pp. 1-2, Feb.

the theory for the analysis of the even-mode circuit to includdthg, 1964,

mode, followed by the generation of an equivalent circuit. Since cou-[6] T. Tanaka, “Ridge-shaped narrow wall directional coupler usiiig o,

plers of coupling looser than 3 dB have slots of shorter length, the in-  TEz;, andTE3, modes,”IEEE Trans. Microwave Theory Techvol.

teraction effects of th&'Es, mode are quite pronounced, even when - MTSTCﬁﬁ]ggelzggazlfi r'\r’]'gtr- 132% theory design of restangular wave
there is no.central matghlng element. . guide multiple-slot narrow’-wall couplersJEEE Trans. Microwave
The equivalent circuit of the coupler takes the form shown in [10, Theory Tech.vol. MTT-34, pp. 791-798, July 1986.

Fig. 5]. Values of the elements in this equivalent circuit for several [8] K. Tomiyasu and S. B. Cohn, “The Transvar directional couplergc.

values of the half-slot width, are shown in Fig. 6(a). It is seen that the IRE, vol. 41, pp.'922|—926, I;luly "1953d o

series circuit element¥;, X», andX; have linear frequency depen- Y(')rt?\/g%adlje'rrsg'ig%ec%f’ irsép'qpis"_%%es In Microwaves New
dence over the 18.95-20.95-GHz band, while the shunt elef&at  [19] —— “Determination of simple equivalent circuits of interacting discon-
smooth monotonic variation with frequency. The characteristic imped-  tinuities in waveguides or transmission linefEEE Trans. Microwave
ancesZy» andXo3 shown in Fig. 6(b) are also monotonic, wiy; Theory Tech.vol. 48, pp. 1712-1716, Oct. 2000.

rapidly increasing at higher frequencies as the cutoff ofitEg, mode
is approached. Itis obvious from [10, Fig. 5] that the higher order mode
has more effect at higher frequencies since then the attenuation of the
parallel path is less.
The coupling obtained from multiplication of the individual scat-
tering transfer matrices neglecting th&s, mode, as shown in Fig. 5, Nonlinear Gain Compression in Microwave Amplifiers
demonstrates the same increasing deviation with increasing frequency  Using Generalized Power-Series Analysis and

(compared to the precise analysis) as the hybrid described in Section Transformation of Input Statistics
Ill. Calculation of theS3; phase error, as also described in Section lll, _ _ '
gives a monotonic increase from 0.23d 1.697 over the band, which Hector Gutierrez, Kevin Gard, and Michael B. Steer

agrees with the observed coupling differences. The coupling and iso-

lation of the coupler derived from the equivalent circuit of [10, Fig. 5] N for th i mation of gai
is virtually identical to that obtained by direct analysis given in Fig. 5 /APstract—Two methods are presented for the estimation of gain com-
pression generated by a digitally modulated carrier passed through a non-

here, confirming the validity of the equivalent circuit. linear RF circuit. The first one is based on developing an analytical expres-
sion for gain compression based on the transformation of input signal sta-
tistics. The second one is based on approximated expressions derived from
generalized power-series analysis. The techniques are evaluated by com-

V. CONCLUSION paring measured and predicted gain compression in a CDMA system.

The flat coupling obtainable in the classic short-slot coupler is due tolndex Terms—CDMA, gain compression, intermodulation distortion, mi-
the effect of the evanesceliEso mode in the coupling region, which crowave amplifiers, nonlinear power amplifiers.
has a major effect on the performance. Actually, it appears to be dif-
ficult or even impossible to obtain flat coupling unless this mode is
significant, requiring a defined width of the coupling region so that the
mode cutoff frequency is correctly located. The frequency variation of Gain compression in nonlinear amplifiers with digitally modulated
the phase “error” caused by tHeEs, mode has an opposite slope tosignals occurs at lower powers than that for one-tone signals. This is
that of the dominant-mode phase, and the resulting phase compeféiiibuted to the nonunity peak-to-average ratio (PAR) of digitally mod-
tion results in flatter coupling. ulated signals, with most of the compression being due to the peak

An equivalent circuit for the even mode, based on the formation 8gnals. The PAR is a crude characterization of a digitally modulated
equivalent circuits from the generalized scattering matrix, has been inal, and a more accurate representation is to use the auto-correlation
rived, and all of the circuit elements have monotonic variation with fréfatistics of the signal or to treat the signal as being composed of a large
quency. The effect of th&Eso mode is clearly indicated as a parallelfumber of uncorrelated tones. This paper develops expressions for gain
path connecting the input and output ports of the equivalent circuit. COmpression with digitally modulated signals using both characteriza-

Future work could be carried out to express the elements of tH@ns above. Gain compression is derived using a statistical approach
equivalent circuit in terms of dimensions, probably requiring an appﬁureviously used for arriving at the statistics of the signal at the output

cation of mode-matching theory. Operations on the equivalent circuff, & nonlinearity given the statistics of the input signal [1].
such as new reference plane locations, may be required. The alternative expression uses earlier research to evaluate the non-

linear response to a multitone signal [2], [3]. This expression has been

|. INTRODUCTION
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modified to account for the tones being uncorrelated. Gain compres-
sion predicted using the two techniques is contrasted and compared t
measurement. o=

Glz]
Il. GAIN COMPRESSION OF ACOMPLEX GAUSSIAN SIGNAL PASSED

~
THROUGH A NONLINEAR DEVICE o1 3 | 72

A block diagram of the baseband equivalent quadrature modulator
cascaded with a nonlinear element is shown in Fig. 1 [1], with the dig-
ital quadrature modulated signat) modeled as the quadrature addi-
tion of z(¢) andy(¢) as

QUADRATURE MODULATOR NONLINEAR DEVICE

Fig. 1. Baseband equivalent quadrature modulated nonlinear amplifier.

(t) = A’ = 2(t) + jy(t). (1)

e

The output auto correlation is then obtained by taking the moments of
(6) as follows:
The nonlinear device is represented by the complex power series

Ryy(7) = E[G(2)G" ()]

N
Gz)=) i =ai+as? +as3 . +avi' (2 NN i (a5 (o
=1 - Z Z 21L+7n+l 2 T
n=1m=1
.. . . . zooxrz 2\(n=1)/2) (= ~x\((m—1)/2)
the coefficients of which are extracted from conveniently obtained X K [~1~2 (Z121) (%222) ] (7)

AM-AM and AM-PM data, following conversion of an envelope
characterization to a baseband equivalent characterization (see ... . .
. - . whereN is the order of the polynomial model ancandm are integer
Section Ill). It is important to realize that (2) represents a genera . . L
. o : ) ndexes. The evaluation of (7) requires finding a closed-form expres-
nonlinear transfer characteristic, not a gain expression. The proced'ure
: : . sionh for the expected value
followed here is to calculate the auto-correlation function of the
output of this system by applying an input signal, characterized by
its complex auto-correlation function, to a model of the nonlinearity E [2§n+1/2) (gr)((nfl)/Z)iémfl/Z)(;7;)((m+1)/2)] . )
described by (2). This section derives a general gain expression
for a modulated carrier passing through a memoryless bandpass
nonlinearity, considering carrier effects. Following the developmeAtgeneral expression for this expectation can be induced by expanding

in [4], an amplitude- and phase-modulated carrigr) with carrier (8) for several values of andm, and collecting terms of equal order.

frequencyw. is modeled as This yields a closed-form expression for gain compression
w(t) = A(t) cos[wet + 0(¢)] = 1 [,'Z(t)cj““t +z" (f)(z_‘j““f'] ~ ~ L alm!
- 2 Rgg(T):Rz;;(T)ZZm
(3) n=1m=1
« <n.~2“¢1 ) <1n;1 ) R(Z(On+1n72)/2)& &:n
whereA(t) andd(t) are the amplitude and phase modulation, aftgl )
is the quadrat_ure signal (1). Using the binomial expansion.the =R..(1) i n! ,,,11 Gy RN=D/2)
power ofw(t) is — 21\ 2
N n n *
n : n41 pd (N=1)/2)
o (f) = 2 Y Tz)] [ ()] " oo (2h—ne 8 gn—1 <T) s } ®)
W' =55 () [F0] [Fro] e L@ =

) ~ whereR..(7) andR,,(7) are the input and output auto-correlation
Consider now only the frequency terms centered at the carrier f’fﬁhctions, respectively, anll., = R..(0) is a magnitude proportional
quency (this is usually referred as the first zonal filter at the output gf ihe average power of the input signdt). This is a more general
the nonlinearity). This impliegk —n = +1 for odd= only. Equation egyit than [1, eq. (9)] since none of the expected values of the cross
(4) then becomes products (8) are assumed to be zero.

(). 5) POWER-SERIES ANALYSIS

1 L e, =1 /2) 11l. NONLINEAR GAIN COMPRESSIONBASED ON GENERALIZED
W) = o (1 [z(t)z (t)] 3t

Previously, the authors have developed a formula for the phasors at
Combining (4) with the complex transfer characteristic (2) yields tH#e output of a nonlinear system described by a generalized power se-
bandpass nonlinear gain expression ries (GPS) with anV-tone input [2], [3]. The GPS yields a determin-
istic expression for the output of a polynomial nonlinearity, consid-
N N ering a multitone input signal. When the input has a very large number
G(z) = 2(¢) Z n < ntl1 ) [z(t)f*(t)}((n_])m. (6) of frequency components (such as in a CDMA signal), evaluation via
’ 2nt 2 power-series analysis might become computationally prohibitive, and

n=1
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a statistical description of the input—output transformation such as t
one outlined in Section Il is necessary.
A phasor component of the outpli} with radian frequency, can [~ ————

be expressed as a sum of intermodulation prodiigtf2], [3] e ]
Y, = Us,(ny,....nN 10 (O
[n1|+.F|nyl=n
nifit.+nyfn=Ffg = -.-.:2 TONES
i
where a set ofi,.’s define an intermodulation produet,is the inter- z o, LaTONES |
modulation order, and 3
- - ’ ____:MEASURED CDMA GAIN
Uyni,....nn) = K(ni,...,nn) [1 + T (ng,..., nN)]
(11) 216+ b
is given in terms of the intermodulation tedf, which, forn # 0, is
N - 21F =
. v _ . nl (X;r)l'Lk‘
K(ni,...,nanN) = an, on H W 12) 2 o 2 % s Y 1 12
k=1 QUTPUT POWER (.dB )
where X}, is the phasor of théth input tone, and the saturation term
T/
- . Fig. 2. Prediction of nonlinear compression based on GPS analysis of (13).
i (n4+2a)!\ dnyon
2D DED DI G = A
o=t il ngSNi ’ " and is called the asymptotic gain-compression expression. This expres-
Lt Ay =a ) S ) . .
v N b sion does not use the statistical properties of the phase since (18) is an
« H | Xk 75 [ |! . (13) approximation. On the other hand, the method outlined in Section Il
puie k(e + Sp)! considers phase characteristics when computing the auto correlation of

In the aboveX;" = X for ny > 0, andX; = X}, its complex ?nedczzt)ﬁ)ut signal since phase is included in the signal model [see (3)

conjugate, otherwise. Th&;'s are integer sequences defined by the
summation index.
Considering only first-order intermodulatign = 1) enables gain
compression to be described. The correlated component of the outputBehavioral Model
at frequencyf, due to a.multitone inE)ut signal (of unfc.orrelated COM- v AM—AM and AM—PM curves for a 900-MHz CDMA power
ponents) of equal amplitudey| = | Xo| k = 1,..., Nis amplifier with 23-dB gain were obtained using a single-frequency input
Yoo = Kqo(14 Ty.) (14) power sweep and a vector network analyzer [1], [5]. A complex power
series of order 13 was fitted to the AM—AM and AM—PM data from
o . i N 25, a 900-MHz CDMA power amplifier, using least-squares optimization.
T = Z (14 2a)! d1424 Z H X (15) The resulting envelope behavioral model was then transformed into the
= 22 ax 6 Ty i (14 Sp)! baseband equivalent instantaneous behavioral model using (17). The
Si4..FSy=a power-series model was verified by comparing measured and predicted

Now, if the input is a single tong = N = 1), (14) and (15) reduce to AM—AM and AM-PM data, as shown in [1].

IV. RESULTS AND DISCUSSION

whereK ;. = a1 X, and

X

Y, = a Xy + Z bry2al X179 X) (16) B Prediction of Gain Compression
a=1 The baseband equivalent behavioral model (1) was first used with the
where thei andb coefficients are related by GPS model (13) to predict gain compression of the digitally modulated
22%al(1+ )l carrier, by simulating the expression for the saturation t&fi) at

1420 = bit2a a=1...,0m. A7) gifferent input power levels.

Thus, (16) is an envelope behavioral model with the effect of the PU€ {0 the computational complexity involved in evaluating (13),
carrier embedded in the model coefficients. However, an instantaneSY & few tones were used. Results are shown in Fig. 2, where the
model or baseband equivalent behavioral model, with coefficients s_olld line represents measure_d CDMA gain, and the dashed and dotted
obtained using (17) is required to determine the effects of multitofiB€S correspond to compression factbf [n (13)], calculated for sev-
input signals, including gain compression. The standard nonlind]@! multifrequency inputs whose power match the measured available

gain expression (16) relates a phasor at the input to the phasor atRfier. scaled by the linear gain coefficiént The one-tone result cor-

output, and corresponds to the complex gain measured in AM-Algsponds identically to the measured AM—AM characteristic since it

and AM—PM characterization was measured using a single tone. The amplitudes of the phasors in

The evaluation of (13) in CDMA systems can be computationalﬁp) were derived from the inpyt signal power, cc_)n_sidering that tones
prohibitive due to the large number of frequency components requiré§re uncorrelated, so that the input power was divided equally among
to accurately represent the modulated signal. An asymptotic expr&e- tones. This assumption is not sufficient when predicting spectral

sion for the compression terif can be obtained by assuming that thé€9rowth [1]. Compression is expected to occur at lower output power
tones of the input signal are uncorrelated and the number of fsrigs levels in CDMA signals than in signals that only include a few tones.

sufficiently large. Thus, the asymptotic saturation t&ffp s This effect is not properly predicted by this model, partly due to the
least-squares process used in determining model coefficients, resulting

(14 2a)!

1 & 142a)! o 24 - i i irst- ici i
T, = — Z 1420 ( : 1+2;3 X, (1g) ina smz_ill residual error in the first-order coe_ff|0|ent. The asymptotic
ar = al2 expression that assumes a large number of input tones (18) was also
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modulated signals occurs at lower power levels than with a single tone.
With many uncorrelated input tones, gain compression is dominated
by a saturation effectl]’ in (13)]. Gain compression was also simu-
lated using the auto-correlation method (9), and compared both to gain
measurements and the four-tone simulation obtained from the exact
GPS solution of (13). Results are shown in Fig. 4. The two methods
track each other up to weak gain-compression levels. At high output
power levels, the statistical method underestimates compression since
the output auto-correlation expression [1] could only be expanded up
to ninth order due to the computational complexity involved. Similarly,
the GPS prediction tends to underestimate compression since higher
order intermodulation components > 1) in the output signal were
neglected.

V. CONCLUSION

Two methods for the estimation of gain compression of digitally
modulated signals passed through a nonlinear amplifier, modeled by a

Fig. 3. Prediction of nonlinear compression based on GPS analysis. THETIPIEX power series, have been presented in this paper. The first one
asymptotic expression, i.e., (18), is compared to the exact solution of (13). Uses statistical properties of the moments of the modulated signal to

at TN Ty
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develop a simple expression for gain compression. The second, based
on GPS analysis, provides two different expressions to predict gain
compression, one based on the exact GPS solution (13), and another
one based on assuming a very large number of tones [see (19)]. Both
methods are qualitatively well suited to predict output power levels at
which compression occurs, and the exact GPS solution can be used
favorably even with relatively small numbers of tones. GPS analysis
has also been used to derive an expression that relates an envelope be-
havioral model (for which parameters are readily available from sweep
continuous wave (CW) tests) with an instantaneous power-series non-
linear transfer characteristic such as (2). These methods provide com-
putational tools to the amplifier designer to predict gain compression
given a polynomial model of the device that is readily available from
AM-AM and AM-PM data.
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