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Prediction of IMD in LDMOS Transistor Amplifiers
Using a New Large-Signal Model

Christian FagerStudent Member, IEEElosé Carlos Pedr&enior Member, IEEE
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Abstract—in this paper, the intermodulation distortion (IMD) 0.2
behavior of LDMOS transistors is treated. First, an analysis is
performed to explain measured IMD characteristics in different
classes of operation. It is shown that the turn-on region plays an
important role in explaining measured IMD behavior, which may
also give a clue to the excellent linearity of LDMOS transistors.
Thereafter, with this knowledge, a new empirical large-signal
model with improved capability of predicting IMD in LDMOS
amplifiers is presented. The model is verified against various
measurements at low as well as high frequency in a class-AB
power amplifier circuit.
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I. INTRODUCTION Fig. 1. Typical LDMOS transfer functiof,u:(Vin ).

I N MOST MODERN wireless systems, the linearity require- Commonly used LDMOS large-signal models [5]-[8],

ments put strong restrictions on the power amplifiers ”Sedirqcluding the industry-standard MET-model, do not treat

has been found that LDMOS transistors exhibit better intermogis +,rn-on region carefully enough and thus cannot predict

ulation distortion (IMD) performance compared to competing,aasured IMD accurately.
technologies [1], [2]. LDMOS transistors are, therefore, widely 5 new empirical LDMOS large-signal model is therefore for-

used in power amplifiers at microwave frequencies in COMM&g ated in which the turn-on region of the transistor character-
cial applications such as base-station transmitters. istic is treated independently from other modeling regions. As

IMD behaviqr in ME,SFET amplifier; has beeq treated '8 result simulated IMD as well as output power and efficiency
[3]. The analysis combines \olterra series for low input powey oo well with measurements. The model is formulated in a

with describing functions and _h_armonic balance for higher inp y similar to the MET model and is, therefore, easy to adopt.
power. It is shown that transitions between these input power

regimes can explain measured IMD behavior such as sweet-
spots in MESFETS.

Using a similar approach, we show in this paper that the sharprhe IMD is analyzed by studying the input voltage/output
turn-on region, compared to MESFETs, makes it necessaryctgrent transfer function (TF),u(Vin). The TF is found from
revise the analysis in [3] for LDMOS transistors. The appealf€ transistory,(Vys, Vas) characteristics in combination with
ance of double third-order IMD (IM3) minima in class AB thathe drain bias, load impedance, and transistor parasitic elements.
has been observed by other authors [1], [4] can then be &@r MESFETSs this has been done in [3]. Fig. 1 shows a typical
plained. TF obtained at low frequency for an LDMOS transistor in an

The double IMD sweet-spots close to the compression pogitiplifier application.
in class AB present a great potential advantage since similaSince the transistor is usually biased with low quiescent cur-
linearity performance as for class A then can be achieved afédt in the saturated region, the TF is essentially thgV;.)
substantially improved efficiency. characteristic for low output currents. At higher currents, it is

saturated by either the load-line entering the triode region, or

compression due to the JFET-effect in the LDMOS drift region
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Il. IMD A NALYSIS

ence Bureau (FCT) under the project LDMOSCA. used. The Input Voltage will then have the form
C. Fager and H. Zirath are with the Microwave Electronics Laboratory,
Chalmers University of Technology, 412 96 Gothenburg, Sweden (e-mail: Vin (t) = A (sin (wit) + sin (wat)) . (1)
fager@ep.chalmers.se).
J. C. Pedro and N. B. de Carvalho are with the Instituto deTeIecomunica(;()/(f\%,I o Vol . Vsi hen b
University of Aveiro, 3810-193 Aveiro, Portugal. ow excitation power, a Volterra series analysis may then be
Digital Object Identifier 10.1109/TMTT.2002.805187 used to calculate the IM3 if, ¢ (viy). IM3 is here used as a
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Fig.3. Detailed view of the turn-on region, showifg. ( x ) and a tenth-order
Fig.2. Typical LDMOS transfer function derivatives versus input volteige  Taylor series expansion (line) arouig, = 1.5 V.
The bias voltages for different classes of operation are indicated on top of the
figure.

longer describes the TF adequately. These regions usually cor-

general notation for the IMD sidebands appearing closest to fi§$Pond to strong nonlinearities such as breakdown, gate for-
carriers, even if they usually are composed of also higher ord¥ard conduction, or saturation due to the load line entering the

IMD components. triode region. In [3], a two sinusoidal input describing function
The small-signal upper sideband IM3%t, — w; in Ioy; is (TSIDF) has been used to analyze the IMD for this purpose. The
given by [10] TSIDF for the IM3 product a2w» — w; is, in this case, defined
as

Iout,SS (WI; w2)

_ [-1,2]
3143 ; _ Iout,LS (w17w2) =
=2-Re ?Hg(w%wz? —wy )ed Bua—wn)t 2, T /2 [ T2)2 ' ]
o _ Iout (vin (thtz)) ejwltle_]2w2t2dt1dt2
5047 Hs(w2,ws, —wi,w —w)ej(zwz_wl)t ADT: Jomy2 Jomy o
32 5 2, W2, 1,W, (5)
= 2-Re 1] E (w1, wp)e?2 =) @ i i
out,SS\W1, w2 whereuv;, (t1,t2) = A(sin(wit1) + sin(watz)). It can be shown

that 10;3’5]5 (w1,w2) becomes negative as the input signal
where the superscript{1,2] indicates the frequency compo-amplitude approaches infinity—or simply as the output signal
nent consideredt(-) and H;(+) are nonlinear transfer func- compresses. Therefore, depending on the sign of IM3 found
tions andy; and ¢, phase constants. At low frequency, therom the small-signal analysis in (4), different IM3 versus input
\olterra series analysis turns into a power series analysis of fi&wver patterns can be predicted. Such results are presented for
TF around the quiescent voltage [10]. The TF is then describglESFET's in [3)].
by For LDMOS transistors, the high-order derivatives in the
) 5 4 5 turn-on region are much larger than the ones presented for
Lout (Vin) = Lout,00 + G1vin + Govjy + Gavi, + Gaviy + G50, MESFETS (see Fig. 2). This indicates that high-order terms
are necessary for describing the transition appropriately. Fig. 3

where the coefficientér,, represent the TF derivatives. _ shows how even a tenth-order Taylor series expansion fails to
Fig. 2 shows typical LDMOS TF derivatives obtained usingascribe the TF beyond the turn-on knee.

a large-signal model (see Section IV). The coefficiefifsare For LDMOS transistors, the IMD behavior must therefore be

relat_ed to the nonlinear transfer functions so that the IM3 COBnalyzed with large-signal TSIDF techniques not only when the
tentin o, can be expressed as [3] saturation region is reached, but also as soon as the input signal
~ 34 9545 traverses the turn-on knee.
I(Eutl_’;é = —G3+ ——Gs. 4) Itis shown in the Appendix that the turn-on knee gives a posi-
' 4 8 tive IM3 contribution and therefore is an expanding nonlinearity
At low input power, IM3 is dominated by the third-ordét; as soon as the input signal traverses the knee. The amount of
term, which results in a 3-dB/dB slope of IM3 versus inpypositive contribution is determined by the knee abruptness and
power. Equation (4) also shows that an interaction betwetre input amplitude.
third- and fifth-order derivatives of opposite signs can give Different distinct IMD characteristics can now be depicted
rise to a large-signal IMD sweet-spot [3]. However, since thifeom transitions between the contributions in the small-signal,
contribution from theG; term is usually much smaller, thisturn-on, and large-signal regions. For example, the expanding
happens at an input power level beyond the validity of trend compressing nonlinearities of the turn-on and saturation re-
low-order Volterra series analysis used. gions, respectively, can counteract each other to create an overall
As the input power is increased, the signal excursion eventaere linear operation. The same principle is in fact used in pre-
ally reaches a region where the low-order power series in (3) distortion linearization of power amplifiers [11].
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Fig. 4. Output power,..) and third-order intermodulation distortion power (IM3) measured at 100 MHz for: (a) ClaBs.G. = 0.9 V; (b) Class AB,
Vys.ae = 1.2 V; (c) Class AB,V,; ac = 1.3 V; and (d) Class AV,s ac = 2.5 V.

Ill. M EASUREDIMD B EHAVIOR B. Class-AB Operation

Two-tone measurements, shown in Fig. 4, have been per-

: . To achieve better IMD performance while maintaining ac-
formed to study LDMOS IMD behavior. The transistor used h%% : - o :
. table gain and efficiency, amplifiers are commonly designed
l4ss = 175 mA and was biased &f;; 4. = 20V [12]. The mea- P ga iciency - y '9

. : ... tooperatein class AB. This corresponds to a negéfiyas seen
surements were made in a Senvironment at 100 MHz with in Fig. 2. The measured output power and IM3 for two bias volt-
1-MHz frequency separation.

) . . . . agesVi, qc = 1.2V andVi, 4. = 1.3 Vin class AB are shown
Depending on the class of operation, the different d|st|nﬁf|:ig 4((1b) and (c) respeéltively

IMD characteristics can now be explained using the behavioral ) o .
analysis in the previous section. The first of the two minima appears when the negative con-

tribution from G is cancelled by the positive IM3 contribution
from the turn-on region. Since the turn-on region influence is
much stronger, the minimum appears as soon as the input signal
From Fig. 2, the third-order derivative of the transfer fundeaches that region. The minimum will therefore occur at higher
tion is seen to be positive in class G, 4. = 0.9 V. Thus, from input power if the transistor is biased further away from turn-on.
(4) this implies that IM3 is also positive for low input powerT his is confirmed by comparing the IM3 measurements. As the
levels. The additional positive contribution from the turn-on ré0put power is further increased, IM3 will remain positive until
gion results in a further increase in the slope of the IMD cun/@€ output power compresses and IM3 must again become neg-
and gain expansion. However, when the output power saturaf@§/e. This change of sign creates another sweet-spot, close to
IM3 must become negative. Hence, an IMD minimum occuf§€ compression point.
near the compression point. Fig. 4(a) shows the measured outpuiy a proper choice of gate bias, the two minima can be com-
power and IM3 for this case. Similar IMD behavior has been obined to create a large C/I ratio over a much wider input power
served in class-C MESFET amplifiers [1], [3], [13]. range near the compression point compared to class-C operation
This kind of sweet-spot near the output power compressif(see Fig. 4(c)].
point, gives locally a very large carrier-to-intermodulation (C/I) Note that this behavior is only possible because of the ex-
ratio. However, in real amplifiers the input power may vary. It ipanding nonlinearity of the sharp turn-on knee in LDMOS tran-
therefore difficult to make use of this phenomenon for sufficiesistors. The same behavior is generally not observed in MES-
IMD suppression in those applications. FETSs.

A. Class-C Operation
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Fig. 5. Simple LDMOS large-signal model topology used.

C. Class-A Operation 0.08 Sub-thr. lQuadaticl Linear : Compression 0.2

As the bias is increased toward classA, will remain nega- ! : i : HI : v
tive. The difference compared to class AB is that the input signal 2 ¢ g5
will now reach the output power saturation region before the
turn-on region. IM3 will, therefore, remain negative and thus
no IMD minimum is observed in Fig. 4(d).

Class A is usually considered the most linear mode of opera-
tion. Fig. 4 shows, however, that class AB may in fact be more
linear over a wide input power range due to the double minima
present. 0

The results in this and the previous section present a great po- 0
tential advantage for LDMOS transistors, due to the existence Gate to source voltage [V]
of two IMD minima in class AB. Thereby, similar IMD perfor- ) ) )
mance as in class A can be achieved with a significantly irﬁi'-ff’éri'nt ggg'r;?i'n;'Dr%%istﬁﬁgfccgre‘ngCtanqgl and drain currenty, with
proved efficiency.

The turn-on region, which is found very important for
IMD when biased in class AB, is not accurately described i .. . .
commonly used LDMOS large-signal models. In the followin&red'cuqn of ”Y:D 'ng‘ﬁMOhS It(;anS{Storsr.] drai .
section, a new large-signal model is, therefore, presented whelrlén rekglon , td € su dt resho r_egljllon, t ﬁ rain currlent IS ulssu
special care is taken to properly model the turn-on regio y taken to depend exponentially on the gate voltage [15].

Thereby, IMD as well as output power and efficiency may be Z%?;pcea\l/lc’lt?g?; fllrrther:_é?]c_ﬁaﬁgg,t;he c:r::)er:(tjsr_tzét?;? rse
predicted very well. qu ically (region I1), which impli at, should rise li

early. The quadratic behavior is observed in MOS and LDMOS
transistors [15]-[17].
The current in and between the subthreshold and quadratic
In this section, a new empirical large-signal model is prdegions is often modeled with [16], [17]
posed. A simple model topology, shown in Fig. 5, has been used,

10.15 —

0.04 ¢

Transconductance
©
e

Drain current [A

0.02 10.05

ccurate description of the knee-region is very important for

IV. LARGE-SIGNAL MODEL

where the parasitic and intrinsic small-signal parameter values Vigs1 =Vys = Vi (6)
have been found for various bias voltages using a robust multi- Vast =V ST In (1 + 6Vgsl/VST) )
bias extraction technique [14]. )

First, modeling of the nonlinear current soutdge(V,., Vas) Lasq =P Vg (8)
is treated.

where VST controls the turn-on abruptnesk; the turn-on
voltage, ands the slope in the quadratic region.
For higher voltages (region lll), short channel effects such as
Fig. 6 shows measured;, and extracted small-signalvelocity saturation maké;, approach a linear dependence on
transconductancey,) plotted versus/,; when the LDMOS V,, with a resulting constant transconductance.
is biased in the saturated region. The transconductance chabevices are usually designed to present constant transconduc-
acteristics can be divided in different regions, each having t@nce over a region as wide as possible to achieve better IMD
dominant physical origin. As discussed in previous sectionserformance. This gives good linearity in class A operation but,

A. Nonlinear Drain Current Model
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as shown in previous sections, it is no guarantee for better IMD a =ag + ag Vst a7

performance in high efficiency linear amplifier applications. VK =V Ko+ Ysat Viis (18)
Many large-signal LDMOS models, including the industry-

standard MET model, do not address the quadratic region, Matrious possible dependencies of the model parameters—such

make the transition directly from the exponential subthreshodd temperature, bias, and scaling effects—are beyond the scope

region to the linear region [4], [6], [8]. Thus, no parameters ard this paper, but have been investigated in [6] and [16].

available to define the turn-on knee abruptness and the knee

tends to be too smooth. As described in Section II, this m& Nonlinear Capacitances

severely affect its ability of predicting IMD behavior properly. At normal operating frequencies, the influence of nonlinear
We have chosen to implement the transition from quadratigpacitances also has to be considered [7], [18]. The voltage

to linear regions using the following empirical expression:  dependence of the capacitances may be studied from the small-

3V signal parameter extraction. Fig. 7 shows the extracted capaci-
—9j (9) tances and the simple nonlinear models used.
1+ -2 _ ForCy,, andC,4, simple empirical hyperbolic tangent expres-
sions have been used

Ids =

where the parametdr L. in combination with controls the A
slope of the quadratic region and transition to the linear region” ., (Vyz) = Cyzo + ;” (1 + tanh [kcge (Vye — Vega)])
The parameteplin is added to tune the transconductance slope (19)
in the linear region. In most casedin = 1. where Cy, is the offset value andic,, affects the magni-
For higherV,,, the transconductance will drop and the currentide of the capacitance nonlinearity,.., andkc,. control the
compresses (region IV). This is typical for LDMOS transistorgenter and abruptness of the capacitance nonlinearity, respec-

and is caused by the low-doped drift region acting as a groundggly. A simple depletion capacitance model is usedfa15]
gate JFET in series with the intrinsic MOSFET transistor. For

high currents, the JFET will force the intrinsic MOSFET to op- Cas(Vis) = _ Caso (20)
erate toward lower drain voltages where the transconductance 1+ v‘d—i
s0

is substantially lower [9]. A successful way of modeling this,
which is used in the MET model, is to introduce an effectivevith Cyso andV,so being the model parameters.
Vys that saturates at a constant voltatés . The effectivel/, o
is given by [5] C. Model Verification
The current-source model parameters were found using
Vgs2 = Vgs1 a manual fitting procedure where extracted small-signal
1 2 \/7 transconductance and measured pulsed and static drain current

2 (Vg“ + \/(Vgs1 —VE) + A= VVE? + A2> - (10) characteristics were used. Table | shows the total set of model

. . ) parameters obtained.
The pro_pos_ed set of equations defining the nonlinear Curren'i:ig. 8 shows measured and modeled I/V characteristics for
source is given as follows: pulsed and static conditions.
It is well known that a model should predict not odly, but

Vost =Vgs = Vi (11) also its higher order derivatives to predict IMD accurately [19],
Vys2 =Vgs1 — 1 <Vgs1 + \/(Vg.ﬂ —VK)® + A? [20]. Fig. 9 shows measured and modeled derivatives. Since
2 static nonisothermal measurements were used, thermal effects
VK2 + Az) (12) make extraction of,,, and its derivatives more uncertain at high
gs:
Vyss =V ST In (1 + evgsz/VST) (13)  The derivatives have been extracted at 10 MHz and
3.2 Vis = 20 V using a setup presented in [19]. In the setup,
1. :/'—gji-(lJr)\VdS)tanh a',,zdf (14) sinusoidal signals of low amplitude and slightly different
1+ -2 gs3 frequency are applied simultaneously to the gate and drain

terminals. By studying the resulting intermodulation products
where the drain voltage dependence is taken from the METthe drain current using a spectrum analyzer, and knowing the
model [5], [7]. A and« are standard model parameters [5], [7lsmall-signal equivalent circuit, makes it possible to determine
[16]. The parametepsat controls the transition from triode to the nonlinear current source derivatives. The resulting mea-

saturated region. surement accuracy is very good as indicated by the regularity
A simple thermaR-C circuit was also added to take care obf the measured derivatives.

self-heating effects [4]. The accuracy of the nonlinear current part of the model is

Some of the parameters used may be nonconstant, dependie@onstrated by its ability to predict the IMD measurements

on the accuracy required, e.g, shown in the previous section. Fig. 10 shows measured and
modeled IM3 atV,;, = 1.3 V.

Vi =Vio + v Vs (15)  Similar measurements showing double IMD sweet-spots

B =00+ P1 (T — Thom) (16) have been presented in [4], where it was simply concluded
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Fig. 7. Extracted small-signal capacitances (thin lines) and the corresponding nonlinear capacitance models (thick lines).

TABLE |
CURRENT-SOURCE MODEL PARAMETERS.

Parameter | Vo[V] | VSTIV] | BIaVY | A1v] | eiv | VEIVI | VKOV | A[v)
Value 1.15 0.13 0.082 0.003 1.32 0.9 2.7 | 0.56
Parameter plin psat y Yot Ry, [°C/W1| Cy, [3FPCI | B, [A/KV?]
Value 1.02 1.1 -0.007 0.05 9.6 10% -0.001

0.25

©
o

o
=)
5

Drain current [A]

gm [AV], gm2 [ANV 2], gm3 [ANV °]

, . . . -0.05 : :
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Fig. 8. Measured (markers) and modeled (lines) drain current for sfajic (Fig. 9. Measured and simulatégl, derivatives versu¥,, atVy, =20 V.
and pulsed{\) conditions.

a false IMD minimum is simulated near the compression point
that “the [IMD] data has unusual structure.” The MET modelhen constant capacitances, taken as the small-signal values at
used in that case did not predict the existence of double IMbe bias point, are used.
sweet-spots. Compared to the measurements at low frequency, the non-

At high frequency, large influence of nonlinear capacitancdigear capacitances tend to smoothen the IMD behavior making
on intermodulation generation has been reported for MESFEBly one less pronounced sweet-spot appear. Thus, the IMD im-
and LDMOSFET's [7], [18]. This is confirmed in Fig. 11 whereprovements compared to class A are reduced. However, proper
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Fig. 10. Measured (markers) and simulated (lines) output power and IM3Riyy. 12. Measured (markers) and simulated output power and PAE.
Ve = 1.3V, Vye =20V, andf = 100 MHz.
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Fig. 13. Measured C/I versus input power at different input bias voltages. The
Fig. 11. Comparison between measured and simulated output power and [{¥§K line corresponds to a simulation madéata. = 1.2 V.
for the cases of nonlinear and constant capacitances. The comparison is made at

f=19GHz,V,, =1.2V, andVy, = 28 V. Terminating impedances were for various input bias voltages. A simulation is also shown for
adjusted for maximum output power.
Vinde = 1.2 V.
_ _ o _ The results in Fig. 13 agree well with the simulation except
tuning of the harmonic terminating impedances might restofér a 0.1-V bias voltage offset. As discussed in Section IV, only

the performance. one IMD sweet-spot is present at high frequency due to the non-
A slight shift toward lower power level is seen in the simulalinear capacitances.

tion for the sweet-spot. Nevertheless, as predicted in the low frequency analysis for

operation in class AB, the measurements validate however that

V. POWER AMPLIFIER CIRCUIT EXAMPLE a bias-dependent IMD sweet-spot is present also at higher fre-

A 1900-MHz power amplifier for 28-V supply voltage Wasquencies_

built using the same device as in previous sections to examine

the IMD behavior at high frequency in a real circuit environ- V1. CONCLUSIONS

ment. The amplifier was designed to operate in class AB with First, the IMD behavior in LDMOS transistor amplifiers has
the input matched for maximum gain and the output impedanibeen analyzed using a behavioral analysis. The analysis has
chosen for maximum output power [21]. The output networkhown that the sharp turn-on knee compared to, e.g., MESFETs
was designed to short-circuit signals at second harmonic guidys an important role in understanding measured IMD be-
baseband to improve the IMD behavior [3]. havior. The existence of two IMD sweet-spots in class AB op-

Measured and simulated output power and efficiency aegation could be predicted, and presents an important advantage
shown versus input power in Fig. 12. The simulations wefer LDMOS transistors. Better efficiency may then be achieved
made using the model presented in Section IV. with similar linearity as in class A.

The maximum power added efficiency (PAE) is quite low, Since most commonly used large-signal models do not ad-
20%. It can be explained by the large drain resistaRge= dress the turn-on region, specifically, a new large-signal model
19 Q in the extracted modeR; is set by losses in the substratevas also presented with special treatment of the turn-on knee for
and the low-doped drift region. However, simulations indicateccurate prediction of the observed IMD sweet-spots. Nonlinear
that the efficiency rises drastically at lower frequency as tlimpacitances are also shown to play an important role for predic-
reactive currents througR, are reduced. tion of IMD at high frequency. The model predicts various low-

The IMD performance was studied using a two-tone teahd high-frequency measurements of dc, output power, IMD,
with 1-MHz frequency separation. Fig. 13 shows measured Gid efficiency characteristics well.
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Fig. 14. Idealized description of the transistor turn-on region and the appli
input signal.

APPENDIX

as the input signal traverses it.

the IM3 generation that will occur in a two-tone test.

2841

0.05

1
0.04} 101,

o
=
@

I, and 101 [A]
o
P
[\S)

©
o
=

0.5 1 1.5 2 2.5
Normalized amplitude, a
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dotted line indicates the extended lind&l.

ed

These equations show that the knee-region represents in fact an
expanding nonlinearity with a positive IM3 contribution as soon
as the input signal traverses the turn-on knee.
It will be shown that the turn-on region gives a positive IM3 Flg 15 presents the fundamental and third harmonic content
contribution and, therefore, is an expanding nonlinearity as sofnas vVersus normalized input drive level, The parameters
are chosen to match the device used. Comparison with a more
The harmonic generation from a single sinusoidal input sign@¢curate model for the turn-on knee shows small difference.
is used since the third harmonic content is a direct measure of
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to a quadratid/,; dependence.

Vys (1) = Vyso (1 + acos (wt)) (A1)

wherea = A/Vys0.

If « < 1theinputsignal does notreach the knee. Then, since a

purely quadratic nonlinearity is considerdg, will not contain

(1]

any odd-order harmonics other than the fundamental frequencYZ]
and no IM3 can be generated. The fundamental frequency con-

tent of I;, is in this case given by

1 =2apV2,. (A2)
Whena > 1, the output waveform will be clipped. This oc-
curs atr = + arccos(—1/a)/w. The fundamental and third har-
monic content in/,, will then be given by

2 T
Ic[lls] =7 - BV (t) cos (wt) dt (A3)
=2 / " gy (t) cos (3wt) dt (A%)
ds _T . gs

whereT = 2r /w, which yields

(1 _ 2 1 1 a?—1 1
I;; =2aB V5 |1 - — arccos <E> e 2+ =
1 2a
2 —_ _—
> 200 Vge0 (2 * 37r> (A5)
4 (a2 —1)"* pV2 4a2B V2
Ic[l?;] _ (a’ ) B Viso a”B Vo (A6)

157a3 a>1 157

(3]
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