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Abstract: Novel Dual-Input Single-Output (DISO) behavioral modeling and linearization techniques for Envelope Tracking
Power Amplifiers (ET PAs) in wireless application are presented in this paper. The proposed modeling approach applies the
Hammerstein structure for the Amplitude-to-Phase (AM/PM) conversion. An extension of the Saleh AM/PM model is also
proposed to model the static nonlinearity in the ET PA AM/PM conversion. This paper presents a new linearization
technique for ET PAs by inverting the proposed ET PA model and using it as a Digital Predistortion (DPD). The measurement
results show that both the proposed model and DPD can clearly outperform both the original Saleh model and the DPD
based on the Saleh model inversion. Compared to the state-of-the-art behavioral models for ET PAs, the proposed model
and DPD can offer an improved complexity-accuracy trade-off thanks to the lower number of coefficients.

Keywords: Envelope tracking, hysteresis effects, linearization, nonlinearity, power amplifiers.

1. Introduction

Envelope Tracking (ET) is a technique that has been widely
deployed in RF Power Amplifiers (PAs) to enhance the
power efficiency in wireless communications (i.e 4G). The
wide bandwidth and high Peak-to-Average Power Ratio
(PAPR) of the modern wireless waveforms (i.e 4G/5G) pose
significant challenges to the ET PA design [1]-[2]. Power
amplifiers produce significant hysteresis nonlinearity when
operated at high PAPR and wide bandwidth signals because
of the wide dynamic variation in the transistor parasitic
capacitance and inductance. In addition, the biasing and
matching circuits in PAs are frequency-dependent
components. The hysteresis effects can have long-time
constants in both amplitude and phase of the baseband
signals. Hence, it is difficult to accurately predict the circuit
response. The dynamic supply voltage in envelope tracking
scenario can also affect the PA circuit characteristics [3].
Various behavioral models have been presented in the
literature to characterize the hysteresis nonlinearity in ET
PA for different accuracy and model complexity [2]-[8].
The mathematical models using two-dimensional look-up
tables are simpler approaches for the ET PA modeling.
However, they have low accuracy because they are
implemented based on the data interpolation approximation
[4]. Single-Input Single-Output (SISO) and Dual-Input
Single-Output (DISO) memory models derived from
Volterra series (i.e Generalized Memory Polynomial Model
(GMPM)) have been widely deployed for ET PA modeling
and linearization. However, these models often require a
high number of coefficients, which can increase the
numerical operations instability in such ways as inverting
matrices of a large number of elements when estimating the
model coefficients. In addition, the computational expensive
model makes the real time implementation of the DPD more
difficult. Another drawback of a complex model architecture
is that it can be mathematically difficult to invert it (i.e Cann

model [8]) for DPD identification.

This paper presents a low complexity and high accuracy
behavioral model for ET PA and novel linearization
techniques. The proposed extension of the Saleh Amplitude-
to-Phase (AM/PM) model and the Hammerstein approach
are important techniques that improve the model’s accuracy
and reduce its complexity. The dynamic supply voltage is
considered in the AM/PM model to account for the change
in the PA characteristics due to the dynamic supply voltage
in the envelope tracking scenario. The proposed ET PA
modeling approach can predict the dynamic nonlinearity in
the Amplitude-to-Amplitude (AM/AM) and AM/PM
conversions due to the hysteresis effects of the energy
storage elements in power amplifier circuits. This paper also
describes the inversion techniques of the DISO ET PA
model when identifying the DPD to linearize both the
AM/AM and AM/PM conversions. The proposed DPD
model can linearize the distortion contributions induced by
the modulated supply voltage.

This paper is organized as follows: Section 2 describes the
proposed model structure and the AM/PM extension of the
Saleh behavioral model. Section 3 presents the derivation of
the proposed DISO DPD model to compensate for the
nonlinear distortion in the ET PA. Section 4 describes the
experimental results, including the measurement set-up, and
the performance evaluation of the proposed model and
linearization techniques. Finally, Section 5 outlines the
conclusions.

2. Proposed ET PA Model

The ET PA system can be represented in a simplified block

diagram using an equivalent baseband DISO structure as

shown in Fig. 1. The DISO behavioral model is a black-box

representation which describes the two-to-one relationship
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of the PA ports. The ET PA model output can be
mathematically expressed in terms of AM/AM and AM/PM
functions using the complex notation in magnitude and
phase as

z=fy (V,Vs)ej(fp(ws)ﬁx) (D

where f4(.) and f,(.) are the ET PA AM/AM and AM/PM
functions, respectively. » is the magnitude of the complex
baseband input signal x which consists of In-phase (I) and
Quadrature-phase (Q) components. v, is the PA modulated
supply voltage, z is the corresponding complex baseband
output of the ET PA. The operator ~(.) is used to indicate
the phase of the complex variable. The output of the fi(.),
and f,(.) functions are represented by y,; and 04, respectively.
The f4(.) function was modeled using a static AM/AM
function in (2) in cascade with a Finite Impulse Response
(FIR) filter in (3) asin [5].
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where y(r,vs) is the output magnitude of the extended Saleh
AM/AM model, a; and B; are Saleh model coefficients, and
N4 and Np are the maximum orders of the polynomial
functions in o; and fi, respectively. The memory effects in
the AM/AM conversion were considered as in [5] using the
FIR filter as

AM

v ()= S n(m)y(n-m) ®

=}

where h(m) represents the filter coefficients, M;, is the
memory depth in the AM/AM conversion, and y;(n) is the
output of the dynamic AM/AM model.

In this paper, we propose to model the dynamic AM/PM
conversion using the Hammerstein approach. Hammerstein
provides a simpler and more flexible way for modeling the
dynamic nonlinear systems [9]. The dynamic AM/PM
conversion is modeled using a static DISO model (Saleh
AM/PM extension) in series with the FIR filter to account
for the hysteresis effects in the AM/PM conversion. The

Vs
I Envelope
Modulator
X ZRF z
> Up- Down-
converter converter

Fig. 1. Block diagram of the equivalent baseband DISO
representation of the ET PA.

model architecture of the dynamic AM/AM and AM/PM
components is depicted in Fig. 2.

2.1 Proposed Saleh AM/PM Extension

The Saleh AM/PM model [10] for constant-supply PA can
be expressed as

i
0 1+ r2y @
where A and vy are the Saleh AM/PM model parameters, and
0 is the output phase. The ET PA phase is dynamically
varying with the supply voltage [11]. Hence, we propose to
express the parameters of the Saleh AM/PM conversion as
polynomial functions of the modulated supply voltage as

2
(v,
0(r,v,) = % (5)
L+roy(vy)
where A(vs) and y(vs) are proposed to model as follows:
no
M) = D hpi (6)
i=1
})b .
YO = D v, )
i=1

The P, and P; are the maximum orders of the polynomial
functions. By substituting (6) and (7) in (5), we obtain a
static DISO Saleh AM/PM function which can be expressed
as

7
r2 Z }\,jV‘!
A
e(r’ VS ) - Ph (8)

1+r22ijsj
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The polynomial functions in (8) can be expressed in a vector
form as

]
|
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B
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|

Hammerstien

Fig. 2. Block diagram of the proposed ET PA model
architecture.
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where 4 = [/11 A, ....lpa] and y= [yl Y2 ....ypb] are the
model coefficients, and v, and vy are vectors of the
modulated supply voltage in the polynomial orders as

1 2 P,

A\ :[vs vy vS"J (10)
v, =[v; v? vf”} (1)
2.1.1  Coefficients Estimation
The extended AM/PM model in (9) can be expressed as
0 =r’hv; — erzyvg (12)

By applying the time samples on (12), we obtain the
following matrix equation:

—0r (v, 1] ][ 2,
-0(2)r(2)*v,[2]

foy] | (v,
02) | | r(2)°val2]

- ; o

LK) |

EGRAL! —0(k)r(k)* vy [k1 | Y, |

where k is the time sample, and v, and vy are the row vectors
that are expressed as

vilk1= [V (k) V] (k) v (k)] (14)
vy[k]:[v;(k) v (k) .. vfh(k)] (15)

Equation (13) can be expressed in a matrix notation as
0=QL (16)

where 0 is a (k X 1)column vector of the ET PA output
phase samples, Q is a (k X (P, + Pp) )matrix includes the
samples of the baseband input magnitude and modulated
supply voltage, and L is a ((P, + P,) X 1) vector of the
model coefficients. The model coefficients L can be
calculated as

0 (17)

where ()" denotes the matrix pseudo-inverse which can be
calculated using the Least Squares (LS) as

Q'=Q'Q'Q" (18)

where (.)T denotes the matrix transpose.
2.2 Hysteresis Effects

The energy storage elements in the power amplifier circuits
(i.e capacitors and inductors) cause hysteresis (or memory)
effects in both AM/AM and AM/PM nonlinearities. Other
causes of hysteresis effects include the dynamic variation of
the amplifier chip temperature [12]. The PA operation under
time-varying supply voltage in the ET scenario can also
cause an additional hysteresis effect in the AM/PM
conversion [6], [13]. We use the FIR filter in cascade with
the static AM/PM nonlinear model in order to consider the
hysteresis behavior in the AM/PM nonlinearity. In other
words, the FIR filter is used to model the residuals that are
not possible to capture using the static model in (9) due to
the memory effects. The dynamic output phase 04(n) of the
complete AM/PM model can be expressed as

04 (n)= Z

m=0

g(m)6(n—m) (19)

where M p, is the memory depth of the proposed AM/PM
model, 6 is the output phase of the static model in (9), and
g(m) represents the filter coefficients. A least squares
method can be used to calculate the FIR filter coefficients as

g='y'y'e, (20)

where g is a vector of the FIR filter coefficients, 04 is a
vector of the output phase samples 04(n), and y is a matrix
composed from the extended Saleh model output phase
samples 0(n).

The total number of coefficients (N, for the complete
proposed model is

N, =N +Ng+P, +P+Mpy, +M 5y +2 @2n

3. Proposed Digital Predistortion

An important property of the Saleh model for the constant-
supply voltage is that it can be mathematically inverted to
obtain a digital predistortion [14]-[15]. The modulated
supply voltage v, is considered a new independent variable
in a DISO DPD modeling scenario to account for the
nonlinear distortion due to the dynamic variation of the
supply voltage [4], [6], [13], [11]. This section presents the
DPD model which consists of two functions, the AM/AM
DPD function which is used to linearize the PA gain, and
the AM/PM DPD function which is used to linearize the PA
phase. The inversion approach of each DISO function is
presented as follows:

3.1. AM/AM Digital Predistortion

The AM/AM digital predistortion is a nonlinear function
combined to the ET PA AM/AM function to produce a
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linear power gain. The AM/AM DPD can be expressed as an
inverse function of the proposed ET AM/AM model as

DA(M,VS)Z_)/_I(I",VS) (22)

The D4(.) is the DPD AM/AM function, and y(.) is the ET
PA static AM/AM function defined in (2). The polynomial
functions in (2) can be expressed in a vector form to
simplify the derivations as

T
y(}",VS)— av,r

=—0 23
1+Bvgr? @3)

where a = [al ay ... aNA] and B = [[)’1 B, ....,[)’NB] are
vectors of the ET PA model coefficients, and v, and vy are
vectors defined as

Vg = |:vl vs2 v;vﬂ] (24)

Vg = [vi vl v;vBJ 25)

The DPD model output is the same as the ET PA input,
because they are connected in series as shown in Fig. 3.
Hence, the output of the AM/AM DPD model is

Dy(gq.v)=r (26)

where ¢ is introduced to represent the magnitude of the DPD
complex baseband input signal u, and 7 is the magnitude of
the ET PA baseband input signal x. The objective of the D
(.) function is to compensate for the static AM/AM
nonlinear distortion. Therefore, the condition to be satisfied
by a linearized ET PA AM/AM can be expressed as

y(Dy(q.v) =1 @27
Substituting (23) and (26) into (27) leads to

T
av,r
—5 =4 (28)

1+Bvyr?
Equation (28) can be rewritten in a quadratic formula as

ngqr2 - avir +q=0 (29)

The solution of (29) can be calculated as

avz -4 [(avz ) - 4[3ng2

= 30
r g (30)

A negative sign solution is considered in the square root,

because the variable r is real and normalized in this work.
Equation (29) is valid within the magnitude interval defined

as
/(GV§)2
0<g< 31
q 4BV§ (€29

The AM/AM DPD function in (30) considers the
nonlinearity due to the modulated supply voltage
represented by the polynomial vectors v and vg. This is an
additional advantage for improving the linearization
capability.

3.2. AM/PM Digital Predistortion

The AM/PM DPD function Dp(.) is introduced to eliminate
the AM/PM distortion of the ET PA. Thus, the objective of
the AM/PM DPD function is to cancel out the ET PA
AM/PM conversion as

PR8I0 _ g (32)

where 0(.) is the ET PA AM/PM function which was
derived in Section 2.1. The Dp(.) function can be calculated
by substituting (9) into (32) as

—¢*hv;
1+¢2yvT (33)
v,

D,(q,v,)=
where Aand y are the ET PA coefficient vectors which
were derived in Section 2.1.1. The complex representation
of the complete DPD model can be expressed in terms of the
AM/AM function D4 (.) and the AM/PM function Dp(.) as

r= DA (q’ vs)ej(D,,(q,vx)+éu) (34)

A block diagram of the complete DPD architecture with ET
PA is shown in Fig. 3. The derived AM/AM and AM/PM
DPD expressions in (30) and (33) are simple as compared to
the state-of-the-art DPD model. In addition, the proposed
DPD model uses the same coefficients of the proposed ET
PA model. This is another advantage that can significantly
reduce the computational cost for the DPD coefficient’s
identification.

4. Experimental Results

4.1 Experimental Set-up

The data acquisition and validation system for the envelope
tracking power amplifier was implemented as shown in Fig.
4. The measurement set-up consists of a RF signal generator
which was connected to the RF power amplifier, and a
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Fig. 3. Block diagram of the proposed DPD model structure.

waveform generator which was connected to the envelope
modulator. Both the RF signal generator and the waveform
generator were controlled by MATLAB software.

The ET PA was designed using a RF power amplifier
(RFPA3809) from RFMD and an in-house linear envelope
modulator  designed using OPA2674 from Texas
Instruments. The ET PA system was driven by 10,000
symbols of 3.84 MHz bandwidth WCDMA signal. A DC
power supply was used to feed the main power amplifier
and the envelope modulator.

The power amplifier output signal was acquired using the
signal analyzer and exported to MATLAB in a complex
baseband format for modeling computations and accuracy
evaluation.

4.2 Behavioral Modeling Results

The proposed model coefficients were calculated based on
the obtained data from the experiment, and for the model
nonlinear orders N4=3, Np=2, P,=2, and P»=3. The
proposed model results as well as the measured results of

A 4

DC Power
Supply
___J| Waveform Envelope
i Generator " Modulator
: Envelope
|
i
]
i RF_output
)
|
| Signal
I-_> Generator
i RF_input
)
]
)
]
)
1

Signal
Analyzer

Matlab

Fig. 4. Block diagram of the experimental set-up.

gain and phase conversions are depicted in Fig. 5. This
shows a significant modeling improvement in both AM/AM
and AM/PM conversions as compared to the original Saleh
model. The modeling accuracy was evaluated in the time
domain using Normalized Mean Square Error (NMSE) and
in the frequency domain using Adjacent Channel Error
Power Ratio (ACEPR). NMSE and ACEPR are figures of
merit that are widely used in the state-of-the-art model

accuracy evaluation [5]-[8] and they are defined,
respectively as follows [16]:
J 2
PNEROEENG
NMSE =10log,, | 2=! (35)

4 2
PERD!
n=1

where zy(n) and zm(n) are the baseband output measured and
modeled signals, respectively. J is the total number of
symbols.

fya foo
[ e ar+ [ e ar
ACEPR =10log,q | 24— (36)
[z o

where E(f) is the frequency domain error signal (zs - Zm),
Z(f) is the frequency domain of the measured ET PA output
signal. f;; and f,; are the start and stop frequencies,
respectively, of the lower adjacent channel. f; v and f,, v are
the start and stop frequencies, respectively, of the upper
adjacent channel. f;., and f,., are the start and stop
frequencies, respectively, of the desired channel. The
proposed modeling NMSE versus the swept maximum
nonlinear orders Ny, Ns, P,, and P, are depicted in Fig. 6.
This indicates the optimal static model accuracy. The
amount of the memory depth in the AM/AM and AM/PM
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conversions can be obtained from the model NMSE versus
the swept memory depth Mam and Mpy as shown in Fig. 7.
The proposed model accuracy evaluation is compared to the
state-of-the-art ET PA models, such as the Dual-Input
Memory Polynomial Model (2D-MPM) and the Memory
Binomial Model (MBM) [6], each for a different number of
coefficients.

12

Gain (dB)

Measured
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Fig. 5. Measured and modeled results. (a) Gain. (b) Phase
deviation.

NMSE (dB)

Nonlinear Order (NB)

(a)

Nonlinear Order (N,)

The compared behavioral modeling accuracy for different
nonlinear orders and memory depth is shown in Table 1.
The NMSE and ACEPR -42.48 dB and -51.80 dB,
respectively, are the optimal model accuracy compared to
the optimal performance of the 2D-MPM and MBM as
shown in Fig. 8.

NMSE (dB)
ACEPR (dB)

0 5 10 15 20 25

Memory Depth (M)
(@
-35
—%—NMSE  {-45
a7 || - £1- - ACEPR
SR " a
B 30t | e
w w 49 &
w 49 &
= 41 @)
{51 <
43} ¢
@DD‘EEEEIEDDDEEEEIEDD-DEEEIEIEJ 53
-45
0 5 10 15 20 25
Memory Depth (MPM)
(b)

Fig. 7. NMSE and ACEPR versus the swept memory
depth. (a) NMSE and ACEPR versus the memory depth
My, where Mpy is set to 5. (b) NMSE and ACEPR versus
the memory depth Mpy, where Myy is set to 5.

NMSE (dB)

Nonlinear Order (P,)

(b)
Fig. 6. NMSE versus the model maximum nonlinear orders. (a) NMSE versus N4 and Ng. (b) NMSE versus P, and P.

Nonlinear Order (P )



Table 1 Models’ NMSE and ACEPR versus the number of coefficients

Number of .
Model Coefficients Nonlinear Order Memory Depth | NMSE(dB) | ACEPR(dB)
12 N=2, Ng=1, P:=2, Py=1 | Mun=2, Mpy/=2 -38.32 -47.62
Proposed
20 N=3, Ng=2, P:=2, Py=3 | Mu=4, Mpy=4 -42.48 -51.80
27 K=2, N=3 M=2 -42.81 -52.63
Dual-Input Memory 36 K=2, N=3 M=3 -43.28 -53.22
Polynomial
72 K=3, N=3 M=5 -43.71 -53.05
. . 28 N=3 M=2 -42.23 -51.45
Memory Binomial 57 N=4 M=3 -43.52 -52.77
121 N=5 M=5 -43.57 -52.85
'32 T T T T ‘42
—%— NMSE Proposed _8 1 T T T T
—#%— NMSE 2D-Polynomial 3 PA w/o DPD
—%— NMSE Binomial = 08t PAw DPD
- -0+ - ACEPR Proposed g
37+ = =0+ = ACEPR 2D-Polynomial <
- -0 - ACEPR Binomial 5 06+
g
3 “e S gat
W -42 E g
2 SRR roQ go2f
\\ ‘\ ‘6 X
L 'fk\ BN ] Z 9 - . . .
-47 E'\\‘:: N “:B g 1-52 0 0.2 0.4 0.6 0.8 1
Tt qEF s s gE R BETE Normalized Input Amplitude
(a)
52 S S S S — 15 ———— , , -
0 10 20 30 40 50 60 70 80 L PA wlo DPD
Number of Coefficients ’83 PA w DPD
°
Fig. 8. NMSE (Solid lines) and ACEPR (dashed lines) 5
versus the number of coefficients for the proposed model, .‘g
dual-input  memory polynomial model, and memory 2
binomial model. o
_‘CU N 5
oo
4.3 Digital Predistortion Results T 02 04 06 08 1
Normalized Input Amplitude
The proposed digital predistortion was evaluated in the time (b)

domain and in the frequency domain using WCDMA
measurement data. The ET PA AM/AM and AM/PM
conversions for both cases with and without DPD are shown
in Fig. 9. The proposed DPD model clearly improved the ET
PA linearity in both amplitude and phase characteristics.
The DPD linearization capability in a frequency domain
using the Power Spectral Density (PSD) is shown in Fig. 10.
An improvement of -17.11/-16.75 dB in Adjacent Channel
Power (ACPR) was observed in the PSD when the DPD was
applied to compensate for the nonlinear distortion. Table 2
reports the ACPR values versus the number of coefficients
for the proposed DPD model, and compared to the state-of-
the-art 2D-polynomial and binomial models.

5. Conclusions

This paper proposed a new behavioral model and digital
predistortion for the envelope tracking RF power

Fig. 9. The AM/AM and AM/PM conversions of the ET
PA with and without DPD. (a) AM/AM conversion. (b)
AM/PM conversion.

amplifiers. The proposed model characterizes the dynamic
nonlinearity in the AM/AM and AM/PM conversions due
to the hysteresis effects in the power amplifier circuits. The
Hammerstein approach was applied to model the dynamic
nonlinearity in the AM/PM conversion, since it can provide
high accuracy at low complexity. The proposed model
considers the nonlinearity effect due to the time-varying
supply voltage in the envelope tracking case. Digital
predistortion was derived to compensate for the nonlinear
distortion in the AM/AM and AM/PM conversions. In
addition the DPD model compensated for the nonlinearity

9



Table 2 DPD model results in ACPR versus the number of coefficients

. Number of ACPR (dBc)

Case Nonlinear Order Coefficients 14 MHz
PA Input * * -65.85/-64.32
PA Output * * -35.22/-34.56
Saleh DPD * 4 -38.03/-36.82
N=2, Ng=4, P,=2, P,/=3 11 -51.28/-50.25

Extended Saleh DPD
N4=6, Ng=5, P,=5, P»y=2 18 -52.33/-51.31
Dual-Input Polynomial K=2, N=5 15 -50.05/-49.10
DPD K=3, N=9 36 -51.68/-50.59
. . 0=5 21 -49.71/-48.68
Binomial DPD

0=7 36 -51.25/-50.27

due to the dynamic supply voltage. The proposed ET PA
model and DPD parameters can be calculated easily using a
least squares method. The proposed model was evaluated
using NMSE and ACEPR for different number of
coefficients and memory depth. The optimal modeling
accuracy was -42.48 dB in NMSE, and -51.8 dB in
ACEPR. The proposed DPD linearization was evaluated in
ACPR using WCDM signal. The obtained ACPR was -
52.33/-51.31 dB for the ET PA with DPD, whereas it was -
35.22/-34.56 dB for the ET PA without DPD. Our reported
results showed how the proposed ET PA and DPD models
can achieve such performance with a lower number of
coefficients and a lower computational cost compared to
the state-of-the-art dual-input memory polynomial and
binomial models.

(1]

(2]

(3]

(4]

[3]
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Fig. 10. Normalized Power Spectral Density (PSD) of the ET PA
output with and without Digital Predistortion.




