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Evaluating Co-Channel Distortion Ratio in
Microwave Power Amplifiers

José Carlos Pedr&enior Member, IEEEBnd Nuno Borges de Carvalhlember, IEEE

Abstract—taboratory results, obtained with a novel setup for power amplifier (PA) by near 3 dB, for the same co-channel
a corrected co-channel distortion ratio, validate the idea that no power ratio (CCPR) specifications.

matter the notch width, a conventional noise-power-ratio test — \¢orynately, these interesting conclusions were derived
produces optimistic small-signal in-band distortion measure- '

ments, when compared to a hypothetical continuous spectrum from theoretical copsiderations only val_id for unsatu_rated
excitation test by the authors. This paper also generalizes previous PAS or, more precisely, for general third-order nonlinear
memoryless mildly nonlinear behavior predictions to saturated memoryless systems [2], driven by equal amplitude multitone
and frequency-dependent regimes. Finally, a close agreementsignals. Therefore, any attempt to validate them experimentally
between measurement results and harmonic-balance simulated |~ yar real conditions is worth the effort, as it would give a
data provided an alternative means of corrected co-channel _ - . .
power-ratio evaluation. first gs_tlmat_e of the |m_pact of the frequency mdepgnde_nce,
quasi-linearity, and driving spectrum flatness approximations
involved, and lead to the proposal of a corrected CCPR eval-
uation setup.
The main objective of this paper is to address these issues.
|. INTRODUCTION For that, a practical distortion measurement setup useful for cor-
ULTITONE intermodulation distortion ratio (M-IMR), recte(_j CC_PR evaluation in mic_rowave PAs wi_IIfirst be _reviewed
Distortion data obtained with these experiments will then be

ratio (NPR) evaluations are progressively replacing the anci pqred to. the theoreycal predlct|qns and harmgmc-balance
two-tone intermodulation (IMD) tests since they provide mor(:.HB) S|.mula'1t|0n results in order to discuss the validity of the
convenient ways for in-band distortion characterization. This #Proximations made.

a consequence of the fact that a multitone or band-limited noise

is a much better representation of a general telecommunications

signal than the two-tone stereotype. Also, since we are dealing Il. CCPR EXPERIMENTAL SETUP

with general nonlinear systems, the estimation of distortion per-

formance is as much useful as their excitation in the test is clo Sled CCPR measurement setup, appropriate to characterize the
to Ith(ihqnes exrﬁﬁt&gln n(;)r?&l)gpgratlon. int tina i distortion of general bandpass nonlinear systems [3], will be re-
n this way, M- an ecame interesting 'gureisliegved. Second, the available accuracy and measurement band-

to ngsuretthre] ratlol bg'tvst/etin signal outp#: pfr\]N e,{lgrédh&debb%} th provided by that laboratory arrangement is discussed.
(or adjacent channel) distortion power, while the as bee ince, in microwave and RF fields, the PA is the best illustra-

accepted for many years as the standard for signal to in-bandt{% of this class of systems, in the following, we will take this

co-channel) phstornon ratio evanann. LJoart for the whole class, without loss of generality.
However, in two recently published papers [1], [2], the au-

thors have theoretically demonstrated the counterintuitive idea o
that no matter the NPR notch width, it will produce a nonned?- Proposed CCPR Setup Revision

ligible impact on small-signal in-band distortion. Indeed, they since conventional NPR tests require the elimination of the
predicted that the usual NPR figure-of-merit gives an optimistigput signal from the observation bandwidth, they wipe out all
misjudgment of 5.6 dB on those distortion components if th§gnal correlated components [1], [2]. However, the evident
notch is located at the middle of the input bandwidth or up i|ution of filling in the notch cannot also be accepted, as
7 dB if co-channel distortion is to be tested at the bandwidifiwould obviate the desired in-band distortion observation.
extremes. This implies that a corrected in-band distortion evalhys, the whole fundamental components are needed at the
uation would impose an increase in output power backoff ofiggut to permit the generation of all possible nonlinear mixing
products, but are undesirable at the output, where they behave

_ _ _ _ as a dominant perturbation to the sought IMD signals.
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Base-Band Since, in a normal microwave DUT, IMD power versus drive
G;‘;‘:m is expected to increase at a larger rate than fundamental output

power, this accuracy impairment will only be perceptible at
higher CCPRs. The limitations inherent to this setup will then
be evident for quasi-linear DUTs and not for strong nonlinear
ones. Due to the third-order nature of the IMD signals present
at the output of these DUTs, and the first-order nature of
the residual linear components, it can be expected that the
distortion to perturbation ratio increases 2 dB per decibel of
excitation level rise.

With these considerations in mind, an estimate of the max-
imum CCPR that may be measured with a certain prescribed
error margin can be calculated by expressing the residual bridge
signal amplitude as a function of the unbalances in phase and
amplitude between the main and auxiliary bridge arms.

If the main and auxiliary arms have linear transfer functions
of the form

Hm(w) = Pm (w)ej¢11l(w) (1)

Fig. 1. Functional diagram of proposed distortion measurement setup [3]. and

Ha(w) = pa(w)el#*) (2)
using a scaled version of the stimulus provided by the bridge
linear auxiliary arm. respectively, then the uncanceled portion of the fundamental
For paper readability, a copy of that measurement setupsignal present at the bridge output will be proportional to
shown in Fig. 1.
This setup has at least three advantages for supporting it. The |Hp,(w)| = [Him(w) — Ha(w)]. (3
first one is that it is sufficiently simple to be built with compo-
nents that are trivial in any microwave laboratory. The second isAt wo, the frequency at which the bridge was adjusted,
that the cancellation of the strong linear DUT’s output compdli(wo) = 0. However, asv deviates from this central value,
nents also prevent any possible distortion induced by the splte cancellation will be degraded, and a progressively higher
trum analyzer [4]. Finally, the third is that this arrangement h&gsidual fundamental will perturb co-channel IMD components.
already been fully tested in all feedforward PA linearizers [5].For evaluating the impact of this error signal on the measured
The similarity of this bridge to the signal cancellation loopgata, we will assume that will suffer small deviations from
included in feedforward linearizers is far from being accidentato, @ = wo + Aw, so that first-order Taylor expansions of
In fact, a feedforward linearizer operates by first generatifgm(w) andHa(w) are valid as follows:
an error signal in a signal cancellation loop to afterwards cor-
rect the PA output in the distortion cancellation loop. Therd? (¢

fore, this error signal must be a replica of the amplifier-induced §H(w) 6p(w) SH(w) 6d(w)
noise-plus-distortion perturbation. Thus, a visualization of this ~ (wo) + Sp(w)  bw Aw+ 5p(w)  ow Aw
error signal constitutes a true distortion (plus noise) measure- “o 0
ment system. ~ H(wo)|1+ 1 dp(w) Awtj 8p@)| AL @)
p(wo) bw wo ow |,
B. Available CCPR Measurement Accuracy
It should be noted that the setup of [3] really assumes that tﬁgd [y (w)] becomes
DUT is an amplifier. If this is not the case, i.e., if the DUT does |Hy(Aw)|
not contribute with a net power gain, but instead attenuates the
signal, the variable attenuator present in the DUT’s arm should i I dpm(w)] 1 Spa(w)
be transferred to the auxiliary arm. = |H (wo)] pm(wo) bw |, palwo) bw |,
Perfect bridge balance requires that linear frequency charac- ’ ’
teristics of the DUTH, (w) are such that it imposes a constant | bpm(w) Odaw)
gain within the operation bandwidth, and that its phase lag is J l o |, W |, |Aw]. ®)

simply proportional to frequency. Although this can always be
guaranteed close enough to the central frequency, it may not b&or our distortion bridge arrangement, where the auxiliary

met if the frequency deviates from this point. In those casesagm can approximately be modeled as a constant attenuation and
perfect linear components’ cancellation cannot be achievedartlielayr;. plus a constant phasg we have

the whole bandwidth, causing a degradation in the IMD mea- .
surement accuracy. Ha(w) = p(wo)el#=em) (6)
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wherer;, must be adjusted so that— wo7r, = ¢ (wo) and plus an inversion, and if the phase unbalance can be assumed to
dominate|Hy,(Aw)|, then
| Hp (Aw)| 5 (w) 20
W
1 6 m . 6 m m = —— 14
:prn(wo) p—(w) +J d)—(w) +TL |ACU| . Sw i wo ( )
pm(wo) bw wo dw wo wo

(7)  As ¢pu(wo) is 7, this phase shift can be reproduced in the aux-

iliary arm by an odd number of half-wavelengths or
After balance, the bridge output fundamental signal power

will be given by N C L (15)
1 o
2 2 2
Yi(w)” = 5 [Hy(Aw)[" | X (w)] (8) I the best value of: is selected, i.ek = 1,
where| X (w)[? stands for the bridge’s total input signal level, |y (Aw)| = 0.5812¢! (16)
while the intended IMD output power at the same frequency wo
will be which results in a maximum relative bandwid2iAw|/wq of
5 1 |Hs(w, we, —ws)|” | X (w)]° nearly 0.4%.
[Ya(w)|” = 2—3Pm(w0)2 |H1(w0)|2 9) This frequency-deviation value is representative of the rel-

atively narrow measurement bandwidths offered by this type
which corresponds to a measurement signal to perturbation r&fesignal cancellation loop. In the present case, the bandwidth

(SNR) of is quite sensitive to the desired accuracy and maximum CCPR
value and, thus, it can be anticipated that the setup has its small-

. |Y3(w)|2 signal CCPR application domain restricted to relatively narrow-

- |y1(w)|2 bandwidth amplifiers. Also, some care is required for the de-

sign of the auxiliary arm so that it matches as close as possible
|X(w)|4 (10) the DUT’s frequency characteristics. Setups intended for DUTs
2 with significantly different (or temperature variant) linear char-

) ) acteristics can be improved using some sort of adaptive feedfor-
and Hs(w,ws,—w,) stands for the third-order nonlineanyard loop [6].

transfer function of the corresponding Volterra-series model.
If |H, (w)| can be considered approximately constant in thg - syaLL -SiGnAL NPRAND CCPR EXPERIMENTAL RESULTS

vicinity of wg, then (10) can be written as ) _ )
For illustrating the use of this CCPR setup, a MESFET-based
C-band amplifier was used as the DUT to be tested.

In optimized conditions, the implemented setup was capable

of more than 55-dB cancellation within the tested 500-kHz
which gives the setup CCPR measurement capability for a d#rannel bandwidths. That allowed easy CCPR measurements
sired SNR accuracy, shown in (12), at the bottom of this pages high as 45 dBc.
Just to illustrate this accuracy evaluation, let us suppose weFig. 2 shows measurement results of a conventional NPR test
would like to determine the relative bandwidth in which CCPRbtained with the above presented setup when the DUT is driven
measurements of at least 40 dB can be made, with no more tiaits small-signal regime. For comparison purposes, the figure
2-dB error. also includes corresponding HB simulations performed with an

For this error margin in-house developed HB simulator [7], [8].

The set of traces of highest power correspond to the measured
and simulated DUT’s output, obtained for a driving level 19 dB
higher than the one used for loop balanEe). Thus, they are
the response that should be expected from a conventional NPR
the ratio between desired IMD signals and residual fundamergatup.
power must be SNR13.7 dB. The lowest amplitude traces correspond to the measured and

If the DUT can be modeled as an amplifier with a simplsimulated bridge output after linear components’ cancellation.
second-order bandpass network with a quality factdnef 5 Therefore, they constitute the wanted distortion.

:ip (w0)2 |H3(UJ, Wz, _w$)|2
22 | Hy(wo)|” |Hy(Aw))|

1 1 prn(WO)2
SNR = -
4 COPR |, (Aw)

11)

|Ya(w)|®

10log | — 2
[Ya(w) + Y1 (w)|

<2dB (13)

pm(wo)Q
1 pn(w) ﬂ[wm(w)

prn(WO) dw dw

1
CCPRMax = 1

SNRmin

5 (12)
|Aw]®

+7rL

“o
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Fig. 2. Conventional NPR test results as measured with the proposed setup and simulated with our HB simulator.
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Fig. 3. Corrected CCPR test results as measured with the proposed setup and simulated with our HB simulator.

The results of the corresponding corrected co-channel distdifferences in distortion level observed at the bandwidth center
tion measurement and simulation are shown in Fig. 3. are about 5 dB, and the differences between these results present
The highest level traces are again the DUT’s output atadthe channel edges are nearly 8 dB. These are the corrections of
drive level 19 dB abové&ing, while the lowest ones are the5.6 and 7 dB theoretically predicted in [1] and [2] for the center
bridge output after loop compensation. The distortion revealad extremes of the operative bandwidth, respectively.
itself when the linear components are cancelled. This is the trueThese results clearly validate the theoretical statement that
co-channel and adjacent distortion that would be obtained if th®R measurements underestimate co-channel IMD, and that a
PA were operated under such a continuous spectrum excitatioew distortion measurement setup like the one now described is
The inexistence of the valley on the in-band distortion previreeded.
ously observed in Fig. 2 is the proof of the misleading in-band In the HB simulator, the amplifier's active device nonlin-
evaluation predicted by [1] and [2] on conventional NPR testearities were represented by a large-signal MESFET model
Moreover, a closer look onto these two diagrams reveals that gepecially conceived to predict IMD performance [9]. The input
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Fig. 4. Large-signal NPR test results as measured with the proposed setup and simulated with our HB simulator.

spectrum was sampled with 16 uniformly distributed tonesgypical of systems of order higher than three, is a clear indication
whose individual amplitudes were calculated by integrating tloé strong nonlinear effects and, thus, of an amplifier operation
input power spectrum density function in the correspondirrggime close to saturation.

bandwidth slots. The tone phases were selected as random anghe second and most important one is the enlarged difference
thus, every simulated data results from averaging 15 differgfitween in-band distortion power observed with the NPR and
simulation outputs obtained with 15 random phase sets.  cCPR tests. That difference increased from nearly 5 to 8 dB in

The method used for simulating corrected CCPR closely fahe pandwidth center, and from approximately 8 to 13 dB in the
lows the operation routine explained for the experimental setygnqwidth extremes.

[3]. The only difference is that the output linear components o . -
can now be canceled directly by simply subtracting them from To understand this angumg observation, one addm_onal
an amplified version of the excitation spectrum. The necessdfR @nd CCPR experiment was performed under higher
exact amplifier gain is automatically present at the HB JacobigfVing levels, as is shown in Figs. 6 and 7.
matrix calculated in the quiescent point. By comparing these results with the ones previously reported,
The close agreement obtained in Figs. 2 and 3 between migavas concluded that those differences remain approximately
sured and simulated data validates this HB simulator, convertiggnstant up to the onset of a strong nonlinear regime, and then
it in an alternative and powerful way of CCPR evaluation. Iguffer a rapid and monotonic increase when the device gets into
fact, due to the exactness of the calculated linear gain and th&p saturation. Also, it could be noted that this behavior fol-
high numerical range provided by the artificial frequency mafowed the DUT’s gain compression characteristic. The knowl-
ping used in the HB core [7], the simulator allows almost unsdge that NPR tests eliminate distortion components correlated
limited SNR and, thus, CCPR measurements. with the linear signal and, thus, are not capable of detecting gain
compression phenomena, is now crucial to explain this contin-
uously untying CCPR and NPR behavior. The energy balance
of any amplifier dependent on a limited available power supply
To extend these discussions to large-signal operating regimgstermines that both the output signal and uncorrelated distor-
where the assumptions of [1] and [2] fail, the NPR and CCP#dn components tend to saturate to constant values. Also, since
experiments of Figs. 2 and 3 were repeated for a driving lewdle overall distortion was assumed to be the deviation of the ac-
that puts the DUT near its 1-dB compression point. The corrgral amplifier output to the ideal one (that would be given by a
sponding measured and simulated results are shown in Figgo#stant gain linear performance), it is clear that the correlated

IV. LARGE-SIGNAL NPRAND CCPR EXPERIMENTAL RESULTS

and 5, respectively. distortion must permanently increase to compensate the actual
When compared to the small-signal results previously shownatput power compression.
in Figs. 2 and 3, there are two evident differences. In this sense, one must conclude that the theoretical derived

The first one is the expected visibility of the alternate channdifficulties associated with NPR tests in evaluating small-signal
power, now appearing as sidebands to the already existing edband distortion are progressively enlarged when the DUT is
jacent channel distortion. This new form of spectral regrowtpushed into saturation.
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Fig. 5. Large-signal CCPR test results as measured with the proposed setup and simulated with our HB simulator.
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Fig. 6. Experimental NPR test results when the DUT is in deep compression.

V. MODERATE BANDWIDTH CO-CHANNEL Hs(wy, —w») should be expected to change. In fact, although in
DISTORTION EVALUATION a narrow-band amplifier the difference frequency occupies an
insignificant relative bandwidth compared to the fundamentals,
This section is devoted to extend the theoretical predicted the second or third harmonics, it represents a large value near
sults of co-channel distortion, derived for memoryless systenis,. Therefore, it may be expected that frequency-dependent ef-
to frequency-dependent devices. fectsinthis type of amplifiers are most probably caused by even-
Since the normal use of narrow-band microwave amplifietsal variations of their baseband terminating impedances, in the
assumes the input signal bandwidth is comfortably enclosethole range of possiblAw = |w; — wa|.
in the system’s bandwidth, it can be expected fatw,) ~ In the amplifier under study, it was found that the base-band
H;(ws) for any w; andw- pertaining to the signal spectrum.terminating impedance is nearly a short circuitifu is kept
Accordingly, the constancy & (w, w2) andHz (w1, wa, wsz) below some 30 MHz, become clearly inductive until 165 MHz,
can also be guaranteed for every setofws, andws, whereas and capacitive over this value. Thus, for studying the IMD
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Fig. 7. Experimental CCPR test results when the DUT is in deep compression.

-100
S 1 B
110 - eeeemeenmenennen AN G
g ” |
g 115 é
-] /d
=]
ay
. —— CCPR 200MHz
20 gy 200 ——CCPRI00MHz [~
—= CCPR 50MHz
123 ——CCPR 5MHz \
i — CCPR 500KHz
=== CCPR Theoretical
-130 . : : . . . . . a
0 5 10 15 20 25 30 35 40 45

Frequency Points

Fig. 8. Simulated CCPR results in small-signal operation for relative bandwidths of 500 kHz, 5 MHz, 50 MHz, 100 MHz, and 200 MHz.

dependence on frequency variations, we tested the amplifiemts [10]. The ripple observed in the simulated results is due to
for bandwidths oBw = 500 kHz (0.025%), 5 MHz (0.25%), the modulated nature of the input spectrum. In fact, although the
50 MHz (2.5%), 100 MHz (5%), and 200 MHz (10%). Sincaliscretized tone amplitudes were all equal, the phases were not
the implemented CCPR measurement setup cannot handle sselbcted as completely random. A random phase was attributed
wide bandwidths, the above referred HB simulator was used torone-half of the tones, while this phase set was simply mir-
this purpose. Simulated results of these CCPR tests are plotteckd for the other half. This is implied by the real base-band
in Fig. 8 along with the theoretical predictions of [1] and [2]. signal, (which was then up-converted@band) and, thus, to

As can bee seen, the simulated and theoretically predictedttee fact that its positive frequency components must be complex
sults are almost coincident. This is a consequence of the faonhjugate of the negative ones.
that the IMD of this DUT is dominated by third-degree nonlin- Since the situation used is believed to be a good illustration of
earities and not by mixing products generated by interactiotige conditions usually found in communication systems, we can
between first- (fundamentals) and second-order mixing compmsnclude that these results allow the extension of the theoreti-
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cally predicted results valid for memoryless devices to normallyy10] N. B. Carvalho and J. C. Pedro, “Two-tone IMD asymmetry in mi-
operated microwave amplifiers. crowave power amplifiers,” ilEEE MTT-S Int. Microwave Symp. Djg.

Boston, MA, June 2000, pp. 445-448.

VI. CONCLUSIONS

An experimental setup and an in-house developed HB simu-

lator have been presented as two complementary means of
crowave amplifier corrected co-channel distortion evaluatio
Measurement and simulated results of NPR and CCPR, un
small-signal, large-signal, and wide-band excitations, allow:
the generalization of previously published results valid for thirc
degree memoryless nonlinearities to general microwave devi
of practical interest.
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