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(57) Abstract: An analysis technique for (Doherty) amplifiers having a main amplifier branch and at least one peak amplifier branch.
For a given input power level and assumed amplifier impedance levels, an output power level and phase response are obtained for
each active device using appropriate load-pull data based on the impedance levels. The performance of the amplifier is analyzed
based on the impedance levels, output power levels, and phase responses to generate updated impedance levels. The analysis is re -
peated until the updated impedance levels converge on steady state values. The analysis can be repeated for different input power
levels. Main and peak output matching networks for the amplifier can be designed by iteratively adjusting impedance levels for the
networks using appropriate load-pull contours. For the design and analysis phases, the load-pull contours include Class-AB data for

the main amplifier device and Class-C data for the peak amplifier device.
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DESIGN AND ANALYSIS OF DOHERTY AMPLIFIERS

BACKGROUND

Field
The present invention relates to electronics and, more specifically but not

exclusively, to Doherty amplifiers.

Description of the Related Art

This section introduces aspects that may help facilitate a better understanding of the
invention(s). Accordingly, the statements of this section are to be read in this light and are
not to be understood as admissions about what is in the prior art or what is not in the prior
art.

A Doherty amplifier has a main amplifier branch and one or more peak amplifier
branches that are designed to enable the amplifier to provide high-power amplification by
supplementing the amplification provided by the main branch during peak power operations.
During normal power operations, the peak branches may be disabled such that high-
efficiency amplification is provided by only the main branch. Doherty amplifiers are used
in high-capacity wireless systems having modulated signals that exhibit high peak-to-
average power ratios.

Certain conventional design practices for Doherty amplifiers rely on Class-AB load-
pull data and/or non-linear models in circuit simulators to characterize active devices. The
design process is mainly based on manual calculations derived from Doherty design
principles and limited load-pull data. Designers make many assumptions such as what input
power split to use, which impedance modulation ratio to use, and which gain and
compression values to use for each device. Such assumptions might not be accurate and
may cause large discrepancies between expected and achieved performance characteristics
of the resulting Doherty amplifier, leading to missed milestone deadlines and lower
performance capabilities of the amplifier. The deviations from the desired performance are
discovered only after the first prototypes are built and tested, at which point it is usually too
late to make major changes to fix problems caused by faulty assumptions. Deviations that
can be fixed involve manual tuning on the bench, which is a costly, time-consuming, and
laborious process with no guarantees of success. Since the tuning is done on a small sample
of prototypes, there is no guarantee that the solution will be optimal for large-scale

production.
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BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects, features, and benefits of various embodiments of the invention will
become more fully apparent, by way of example, from the following detailed description
and the accompanying drawings, in which:

FIG. 1 shows a block diagram of a fixed-input-conditioning, power-split, two-way
Doherty amplifier having a main amplifier branch and a peak amplifier branch;

FIG. 2 shows a generic matching network configured between a grounded input load
and a grounded output load;

FIG. 3 shows a generic matching network;

FIG. 4 shows a flow diagram of technique for designing the two-way Doherty
amplifier of FIG. 1;

FIG. 5 shows a flow diagram of a technique for analyzing the two-way Doherty
amplifier of FIG. 1; and

FIG. 6 shows a block diagram representing the passive output combining network of

the two-way Doherty amplifier of FIG. 1.

DETAILED DESCRIPTION
Two-Way Doherty Amplifier

FIG. 1 shows a block diagram of a fixed-input-conditioning, power-split, two-way
Doherty amplifier 100 having a main amplifier branch 120 and a peak amplifier branch 130.
Input conditioning refers to the control over amplitude and phase of input signals to each
branch of the Doherty amplifier. Fixed input conditioning implies that the amplitude ratio
of input signals and their phase relationship are adjusted for one power level at a single
frequency, e.g., by means of a hardware RF splitter and an input phase offset line. There is
no ability to do any input adjustments over power and frequency range.

Main amplifier branch 120 consists of a cascade of a main input matching network
122, a main amplifier device (e.g., transistor) 124, and a main output matching network 126,
while peak amplifier branch 130 consists of a cascade of a peak input matching network
132, a peak amplifier device (e.g., transistor) 134, and a peak output matching network 136.
An input signal is applied to an input power splitter 110, which splits the input signal power
according to a fixed ratio between the main amplifier branch 120 and the peak amplifier

branch 130. Output signals from the main and peak amplifier branches are combined at
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combining node 140 where branches 120 and 130 meet, and the resulting combined signal is
delivered to the output load 160 through node matching network 150.

For low signal power operation, peak amplifier branch 130 is inactive (e.g., this is
achieved by biasing peak device 134 in Class-C), such that all amplification is provided by
main amplifier branch 120. During high signal power operation, peak amplifier branch 130
is active (e.g., the signal amplitude is large enough to turn on peak amplifier device 134),
such that amplification is provided by both main amplifier branch 120 and peak amplifier
branch 130. The intended intermittent operation of the peak amplifier device 134 is
achieved by operating it as a Class-C amplifier, while main amplifier device 124 functions
as a Class-AB amplifier. The goal is to maximize efficiency of operation, which means bias
should be minimized wherever possible. To achieve higher efficiency, some of the
maximum linearity of operation of Class-A mode is traded off for efficiency by going to
Class-AB mode. The tradeoff could be anywhere between Class-A and Class-B. Hence,
Class-AB which can vary from very close to Class-A to very close to Class-B. This is a
designer’s choice.

The transfer function of each of the five matching networks 122, 126, 132, 136, and
150 may be represented by an S matrix that transforms complex incident voltages into

complex reflected voltages according to Equation (1) as follows:
1 2
vV, Sy Sy |V,
(D
where V" and V," are the complex voltage waves incident on ports 1 and 2, respectively, V,”

and V; are the complex voltage waves reflected from ports 1 and 2, respectively, and S;; are

the four S-matrix parameters. From these voltages and S-parameters, the relevant
impedances can be derived for matching networks 122, 126, 132, 136, and 150, and vice-

versa.

Design of a Two-Way Doherty Amplifier

The design of two-way Doherty amplifier 100 of FIG. 1 focuses on three main
regions of the architecture: input power splitter 110, main and peak output matching
networks 126 and 136, and node matching network 150. The output combining network
170 (consisting of the main, peak, and node matching networks 126, 136, and 150) is

designed based on the combining node impedance modulation ratio N which is a

comb ?
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function of the maximum power delivered by the main and peak branches. The impedance
modulation ratios are selected using the high-compression main and peak amplifier device
load-pull contours (for example, 3dB for the main device and 1dB for the peak device) in
order to realize the given specification of maximum output power requirements. The
designer will select an appropriate value for the impedance modulation ratio based on power
and efficiency specifications. The value is not uniquely determined and could have any
value in the range from about 1.5 to about 4; however, values from about 2 to about 3 will
have practical application for use with actual devices. Since the main and peak devices
operate under different bias conditions, they will have different gains at different power
levels.

The input power splitter 110 is designed to provide input power for each device to
produce output power levels that will achieve the impedance modulation range for which the
node matching network was designed. Because the peak device 134, which is biased in
Class-C mode of operation, has a lower gain than the main device 124, and because the
impedance modulation ratio may need to be greater than 2 for the amplifier to satisfy the
efficiency requirement at an output power level that is backed off from the amplifier's

maximum power, the input power splitter 110 generally provides unequal power splitting

that steers more input power toward the peak device. The ratio of input peak power Pp and
input main power P is determined from (i) the maximum power provided by the main
device PJ., (ii) the corresponding main device gain G, (iii) the maximum power
provided by the peak device P.,,, and (iv) the corresponding peak device gain G”,

according to Equation (2a) as follows:
P POPUT M pP
Py __GY _ G Boyr
M
PIIA\? POUT G PPOAll]T

GM

(2a)
To design two-way Doherty amplifier 100 of FIG. 1, (at least) three sets of load-pull
contours are used at each frequency of interest. For the main device 124, two sets of
constant-compression load-pull contours are used, for example, high-compression (3dB

compression or higher) load-pull contours for selection of high-power impedance and low-
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compression (circa 1dB compression) load-pull contours for high-efficiency impedance that
are obtained for the main device operating under Class-AB bias conditions.

Each set of constant-compression contours has an impedance that has the highest
power and an impedance that has the highest efficiency of all other impedances in the set. A
high-compression (3dB or higher) set is used to select a high-power impedance, and a low-
compression (1dB or so) set is used to select a high-efficiency impedance. The high-
efficiency impedance will have a lower power associated with it; whereas, the high-power
impedance may have lower efficiency associated with it. 1dB compression is lower
compression than 3dB. The main device is presented with high-efficiency/low-power
impedance until it reaches 1dB compression; at which point, the peak branch turns on and
starts modulating the load impedance of the main branch from the high-efficiency/low-
power point toward the high-power impedance point, while increasing the compression of
the main device which will eventually end in high-power impedance in 3dB compression (or
higher) contours. For the peak device 134, one set of constant-compression load-pull
contours obtained under Class-C bias conditions is used, for example, high-power, 1dB-
compression contours, as well as measurement of the off-state impedance of peak device
134 for average-power operations during which peak device 134 is disabled. Because a
Class-C device has lower gain, it will undergo lower compression. For the case of the peak
device, 1dB compression can be considered high compression. The compression is the
amount of gain decrease from the maximum level. Since the peak device has lower
maximum gain due to its Class-C bias, it cannot be compressed too much before its gain
becomes inadequate. Hence, 1dB compression is considered high for the peak device.
P1dB is the power under 1dB gain compression. XdB refers to gain compression, and
PXdB refers to power delivered under that compression. XdB is used when referring to
constant compression contours, and PXdB is used when refereeing to specific power within
those contours. These three load-pull contours are obtained by measuring the devices that
will be used in the actual amplifier design as the main and peak devices 124 and 134.

Load-pull data is obtained for the devices that will be used in the amplifier design
and construction. The devices are measured under the same (or similar) biasing and power
conditions under which they are intended to be used. The load-pull data consists of input
power sweeps done for each load impedance presented to the device. The load-pull setup
consists of a vector signal generator, source impedance transformer (e.g., source tuner +
device input fixture), the device under test (e.g., transistor), load impedance transformer

(e.g., load tuner + device output fixture), and vector signal receiver. A set of load
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impedances for the test is selected. Several trial measurements may be needed to determine
the optimal set of load impedances. Once the device is biased to obtain desired operating
conditions, for every load impedance presented to the device by the load impedance
transformer, the input power is swept over a prescribed range, and various performance
parameters of the transistor are recorded (e.g., output power, gain, efficiency, AM-PM,
insertion phase, drain current, etc.). The measurements have the following nesting:
Set bias
Set frequency
Set load impedance
Sweep input power and collect measured data
Next load impedance
Next frequency
Next bias
The measurements are taken for various biasing conditions (Class-AB, Class-B, Class-C of
various depths). The measurements are often done for more than one frequency to get better
characterization over frequency. The measured data provides the relationship between input
and the output of the active device under various loading conditions, such as those that
occur in the Doherty amplifier where two branches interact at the node. The data allows us
to calculate the response from the transistor based on the interactions of the branch signals at
the combining node which are power dependent. The data obtained at each frequency of
interest is used to characterize amplifier performance at that frequency. For each load
impedance, the device (keeping the same input power conditions) will have different
performance regarding output power, gain, and efficiency. Based on the specification, the
designer needs to select impedances that will yield performance sufficient to meet the
amplifier specifications. Load-pull data allows the designer to pick an impedance that
satisfies the high-power requirement for the main device, an impedance that satisfies the
high-efficiency requirement at power back-off for the main device, as well as an impedance
that satisfies the high-power requirement for one or more peak devices. In the design
synthesis procedure, the load-pull data are plotted in constant-compression contour format
to facilitate the visual selection of the impedances. This is similar to topographical maps
with constant elevation contours, where it becomes easy to locate mountain peaks or
plateaus. In the analysis procedure, the load-pull data are plotted in constant-input-power
contour format to facilitate location of new impedances that result from convergence

calculations in the passive circuit part of the network (main matching network, peak
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matching network, node matching network). Once the designer makes the impedance
selection based on amplifier specifications and subject to restrictions imposed by the
synthesis algorithm (to ensure that the solution can be implemented), the analysis algorithm
will calculate the response of the amplifier that results from the designer’s selections.

The impedance modulation ratio N, of output combining network 170 determines

the range of impedances Z,,,, <Z,,, < N2,

comb™ node

that will load the main output matching

network 126, where 7,4 is the impedance at combining node 140 looking towards node
matching network 150, and 7y, is the load impedance of the main branch 120, which varies

between Z,oqc and N, , Z,0q. as input power Pj, varies. The combining-network impedance

modulation ratio N, , is defined according to Equation (2b) as follows:

_B+R

N
comb P I],W

ki

(2b)
where P} is the maximum output power of the main device 124 and P} is the maximum
output power of the peak device 134. P2’ comes from the high-compression (3dB or higher

usually) main device load-pull contours, while P, comes from the high-compression
(0.3dB to 1dB or so) peak device load-pull contours.

The value of the combining-network impedance modulation ratio N, is affected
by the selection of the high-power, main impedance Z,,, using the main-device, 3dB (high-
compression) load-pull contours and by the selection of the high-power peak impedance
Z,p using the peak-device 1dB (high-compression) load-pull contours, because the selection

of these impedances will change the amount of power delivered by the devices.
In addition, using the main-device 1dB (low-compression) load-pull contours, the

high-efficiency main impedance Z,,, is selected to satisfy the efficiency requirement at the

power back-off level.

After both impedances Z,,, and Z,,, are selected using the main-device load-pull

contours, the impedance modulation ratio N,, of the main device 124 can be calculated

according to Equation (3) as follows:

N 141
Yo

3)
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where the prime symbol (') represents complex conjugation, and the symbol I" , represents
the voltage reflection coefficient, which is related to the impedance Z by Equation (5) as

follows:

&)

where Z, is the system reference impedance (usually 50Q).
Thus, the voltage reflection coefficient I, corresponding to the main-device, high-

power impedance Z,,, selected using the main-device, 3dB (high-compression) load-pull

. Zpw—2 . . .
contours is givenby T, , =ﬁ . Similarly, the voltage reflection coefficient I,
MpP 0

corresponding to the main-device, high-efficiency impedance Z,,, selected using the main-

device, P1dB (low-compression) load-pull contours is given by T, =M.
Zypt+Z,

The main-device impedance modulation ratio N,, is related to the range of

impedances presented to the main device 124 and depends on the choice of the high-power
and high-efficiency main-device impedances Z,, and Z,, , but is independent from the
high-power peak-device impedance Z,,.

To design an amplifier that will yield targeted performance, impedances Z,, , Z,, ,
and Z,,, cannot be selected independently. Rather, the selections of impedances are such
1+I] P +pPf
1—H =pr N

P

=N.1If

comb

that the condition N,, =N, , is satisfied. Thatis, N,, =

not, the amplifier will still work, but achieved performance might deviate from the targeted

values.
Based on the condition N,, =N, ,, the S matrices for the matching networks 126,
136, and 150 in the output combining network 170 can be calculated. The S matrices will

be calculated for impedance values selected even if the N,, =N, condition is not
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satisfied. The designer can see the consequences of this choice by running the analysis part
and then decide whether to alter the design or keep it as is. After establishing the input

power split ratio, the impedance modulation ratio, and the values of impedances Z,,,, Z,,,

and Z

i » we can proceed with (i) the design of the input power splitter 110, the main and

peak input matching networks 122 and 132, the main and peak output matching networks
126 and 136, and the node matching network 150 and (ii) the determination of the delay

compensation for the phase difference between the two branches.

Generic Matching Network

FIG. 2 shows a generic matching network 220 configured between (i) a grounded

input load 210 having impedance Zs and voltage reflection coefficient I'y and (ii) a
grounded output load 230 having impedance Z; and voltage reflection coefficient I;. The
input and output voltage reflection coefficients I}, and I',,; for generic matching network

220 are given by Equations (6) and (7), respectively, as follows:

FIN = Sll + 512521FL
1-5,,I',
(6)
and
S5,
F :S + 12~21~ § ,
ouT 22 1_ SMFS
(7

where S11, S12, 821, and Sy, are the parameters of the S matrix for generic matching network

220.

S Matrix for Input Matching Networks and Node Matching Network
Since each of the main and peak input matching networks 122 and 132 and the node

matching network 150 converts the system reference impedance Z, (usually 50Q2) to an
arbitrary known impedance, the calculations for these three networks can be done the same
way.

Main input matching network 122 converts the output impedance of the main branch

of the splitter 110 (usually Z, ) to a known source impedance Zg,, to be presented to the

gate of main device 124. Note that the source impedance Zg,, is the impedance looking into
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main input matching network 122 from the main device 124, whereas the impedance Z;,” of
FIG. 1 is the impedance looking into the main device 124 from network 122. This source

impedance Zg,, is known from the load-pull data, so the impedance conversion of main
input matching network 122 is from Z;, to Z, .

Peak input matching network 132 converts the output impedance of the peak branch
of the splitter 110 (usually Z,) to a known source impedance Z, to be presented to the gate
of peak device 134. Note that the source impedance Z,, is the impedance looking into peak

input matching network 132 from the peak device 134, whereas the impedance Z;," of FIG.

1 is the impedance looking into the peak device 134 from network 132. This source
impedance Zg, is known from the load-pull data, so the impedance conversion of peak input
matching network 132 is fromZ, to Z,.

Going in the opposite direction, node matching network 150 converts a known
output load impedance Z, (usually Z,) to a known calculated node impedance Z, ,, at
combining node 140.

In essence, the process is the same for all three matching networks; only the target

impedance changes (Z,,, Z,p, and Z

node

). Inreference to FIG. 2, the output load
impedance Z, of FIG. 2 always corresponds to Z,, (i.e., splitter output impedances and
output load 160 of FIG. 1), and Z,, related to I';, of FIG. 2 always corresponds to Zj,,,

Z, at the respective device gate and Z

node

at combining node 140 of FIG A. Thus, for the

main and peak input matching networks 122 and 132, the output load 230 of FIG. 2
corresponds to the upstream, splitter side of the network, while, for the node matching
network 150, the output load 230 corresponds to output load 160 of FIG. 1 at the

downstream side of the network.

For an output load impedance Z; equal to the system reference impedance Z,, the
load voltage reflection coefficient I', =0. Substituting I';, =0 into Equation (6) yields
Equation (8) as follows:

S, =T

(8)

In other words, the parameter S1; will be equal to the input voltage reflection coefficient I,

, which is known from the load-pull data.
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In the case of complex conjugate match, ' =T, and T, =0, where the prime (')

indicates complex conjugation. The case of complex conjugate match is the condition that

maximizes the power transfer, but other conditions can be used. In those other cases, I
and I, will be specified differently but the rest of the calculation is done in the same way
with results that will reflect changes in the specification of I’y and I, . Applying the
equivalences 'y =T, and T, =0 to Equation (7) yields Equation (9) as follows:

SZISIZFS _S + SZISIZF;N _S + SZISIZF;N —

Lpyr =8, + = = =
our 22 1_Sllrs 22 1_FINF;N 22 1_‘1_,11\]‘2
9)
Solving Equation (9) for Sy, yields Equation (10) as follows:
L SZISIZF;N
22 2
1-|T,|

(10)

Since the S matrix for a lossless, passive circuit is unitary, [S']T =[S ]71. In other

words, the transpose of the complex conjugate of a unitary S matrix will be equal to the

inverse of that S matrix. Since the product of an S matrix and its inverse is equal to the

identity matrix, multiplying [S’] =[S]" from the left by [S] yields Equation (11) as

{SH slz}{s; sngl o}
SZl SZZ Sl,Z S;Z O 1
(11)

Expanding Equation (11) yields Equations (12)-(15) as follows:

follows:

1S, +S,|" =1,

(12)

S8 +8,8,, =0,
(13)

S8, +808, =0,
(14)

1S, +[8,]" =1.
(16)
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Since the matching networks are reciprocal, S,, =S,,. Applying this equality and
Equations (8) and (12) yields Equation (16) as follows:
‘521‘2 = ’512’2 = ‘521512’ =1 _‘Su‘z =1 _‘FIN‘Z‘
(16)
5  Equation (16) implies Equation (17) as follows:
S8y =[S Sl e =(1=|0 [ ),
(17)
where ¢ is the phase of the complex value, which is a function of the network "length,"
which is related to the phase and time delay of the signals propagating through the network.
10 Higher insertion phase is associated with longer delay. Since S, =S,,, Equation (17)

implies Equation (18) as follows:

9
S =5y :\/1_|FIN|23]2 .

(18)
Substituting Equation (17) into Equation (10) yields Equation (19) as follows:

2 P —
_SZISIZF;N __(1_|FIN| )e’¢F,N =—TIe”.

IN

15 S, = =
” 1_|FIN|2 1_|FIN|2

(19)
Thus, for each of main input matching network 122, peak input matching network
132, and node matching network 150, the corresponding S matrix parameters S11, S12, S21,

and S»; are given in terms of the input voltage reflection coefficient I';, by Equations (8),
20 (18), and (19), where [}y is known from the load-pull data. The phase ¢ is arbitrary. It can

be minimized, and it needs to be equalized between the main and peak branches. Also, the
phase of the peak branch can be used to ensure that currents from the main and peak

branches combine at the combining node 140 in phase.

25 S Matrix for Main Output Matching Network
The S matrix $* for the main output matching network 126 is given by Equation

(20) as follows:
o {Sﬁf Six }

M M
Sll SQZ
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(20)
During high-power operations, going from the combining node 140 toward the main device
124, the main output matching network 126 converts the high-power main load impedance

Z,,,p into the high-power main-device impedance Z,,,. During high-efficiency operations,

5  going from the combining node 140 toward to the main device 124, the main output

matching network 126 converts the high-efficiency main load impedance Z,,,, into the
high-efficiency main-device impedance Z,,,. The main-device impedances Z,,, and Z,,,
are known from the load-pull data selections, the high-power main load impedance Z,,,, is

user determined (usually Zo), and the high-efficiency main load impedance

10 Lip = LMP/Ncomb .

According to Equation (5), respective voltage reflection coefficients I7,,,, I}z,
Ip, and I, for the four impedances Z,,», Z,z, Zyp > and Z,,, can be calculated by

Equations (21)-(24) as follows:

r — ZLMP — Zo
LMP ’
ZLMP + ZO
15 (21)
Zowm—2
FLME = LME 0 ,
ZLME + ZO
(22)
=ty
" ZMP + ZO
(23)
20 T, = M
ZytZ,
(24)
Referring to FIG. 2, for the main output matching network 126, for high-power
operations:
L =T,
25 (25)
Iy = F[I/IP )

(26)
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Uy =L
(27)
Lour = Dip-
(28)
5 Substituting Equations (25) and (27) into Equation (6) yields Equation (29) as
follows:
s+ S50
Ot vp
(29)

Similarly, substituting Equations (26) and (28) into Equation (7) yields Equation
10 (30) as follows:

L =82 + 35 e
1-ST,
(30)
Referring to FIG. 2, for the main output matching network 126, for high-efficiency
operations:
15 I=0,,;,
(3D
r,=I,,,
(32)
Uy =L
20 (33)
Lour =Tl
(34)
Substituting Equations (31) and (33) into Equation (6) yields Equation (35) as
follows:
25 Ly =Sy + 325 D S% Liwe
1-8S5T, 0
(35)

Similarly, substituting Equations (32) and (34) into Equation (7) yields Equation
(36) as follows:
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M MF/
Lz :Sévz[ +SHS?V} .
1- Sn FME
(36)
Subtracting Equation (35) from Equation (29) yields Equation (37) as follows:
r r
r-Ir =SYs¥ LMp LME .
MP ME 12421 (1_S;§FLMP 1_SgFLMEj
5 37
Subtracting Equation (36) from Equation (30) yields Equation (38) as follows:
| |
-, =S"s¥ MP___ ____ME___ |
LMP LME 12%21 (1_511‘141—‘;”) l_SlAlll—vMEj
(38)

Rearranging Equation (37) yields Equation (39) as follows:

(FMP _FME)(l_SZIgFLMP)(l_S%FLME)

MoM _

10 Su 521 B 1—‘LMP - 1—‘LME .

(39)

Substituting Equation (39) into Equation (29) and rearranging yields Equation (40)

as follows:
g p, (T Tu) (1580 )T
1—‘LMP _FLME

15 (40)

Rearranging Equation (30) yields Equation (41) as follows:

S% — 1—*’ SZI Sllg 1—‘/MP

WS,
(41)
Substituting Equations (39) and (40) into Equation (41) yields Equation (42) as
20 follows:
(Cyp =T ) (1= 83T i) (1= 83T i ) T
(Tasr =) (1Dl ) +(Cop T ) (1= ST ) T T

M_v
Sy =T

(42)

Solving Equation (42) for the matrix parameter S37 yields Equation (43) as follows:

2 ’ 2 1~ 2 2 v
M _ |FLMP| _FLMPFLME+|FMP| FLMPFLME_|FLMP| FMPFME_|FMP| FMPFME

2 FLMP - FLME - |FMP|2 |FLMP|2 FLME - |FLMP|2 F;WPFMEFLME - FLMP |FMP|2 + F;WPFMEFLME .
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(43)
Once the matrix parameter SJ; is calculated using Equation (43) in terms of the
voltage reflection coefficients I'y,, I'y,p, I')yp, and I',,, given by Equations (21)-(24),
and assuming that the network is reciprocal such that S =S , the remaining matrix

parameters S7, S, and S, can be calculated using Equations (39) and (40).

S Matrix for Peak Output Matching Network
The S matrix S? for the peak output matching network 136 is given by Equation (44)

as follows:

(44)

During high-power operations, going from the combining node 140 toward the peak device
134, the peak output matching network 136 converts the high-power peak load impedance

Z, »» into the high-power peak-device impedance Z,,. During high-efficiency operations in
which the peak device 134 is off, going from the peak device 134 to toward the combining
node 140, the peak output matching network 136 converts the peak-device off-state
impedance Z,, into the off-state peak load impedance Z, -

The high-power peak-device impedance Z,, is known from the load-pull data
selections. The high-power peak load impedance Z,,, is a function of the user-selected,
high-power main load impedance Z,,,, (see previous section) and is given by Equation (45)
as follows:

Zipp = Zyip[(Neg, =1).

(45)

The peak-device off-state impedance Z,,, is directly measured from the peak device 134,

and the off-state peak load impedance Z, . is given by Z;porr=NorrZporr, where:

1+|[]
Nowr = 1—|F|

(46)

and
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F/

FPOFF PP

‘ ‘ B ‘1 - FPPFPOFF

(47)
According to Equation (5), respective voltage reflection coefficients I'tpp, I porr,

I'pp, and I'pgpp for the four impedances Z,,p, Zpoprs Zpp> a0d Z, 5 can be calculated by

5  Equations (48)-(51) as follows:

r o _ZwcZ,
o Zipp+ 2,
(48)
r — ZLPOFF — Zo
Her 2y porr T2y
(49)
10 = Zpp =7, ’
ZoptZ,
(50)
r — Zrorr =%, i
rore Zporr T2y
(51)

Referring to FIG. 2, for the peak output matching network 136, for high-power

15  operations:

L =T,
(52)

Ty =T,
(53)

20 Iy =T,

(54)

Tour =Timp-
(55)

Substituting Equations (52) and (54) into Equation (6) yields Equation (56) as
25  follows:
r =SP + SlZS;;FLPP
PP 11 .
1- S;;FLPP

(56)
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Similarly, substituting Equations (53) and (55) into Equation (7) yields Equation
(57) as follows:

[y =5+ 25400
1l pp
(57)
Referring to FIG. 2, for the peak output matching network 136, for high-efficiency
operations:
T, =Tipopr -
(58)
1—‘S = 1—‘POFF »
(59)
Lo =Toorr
(60)
1—‘OUT = 1—‘LPOFF ’
(61)
Substituting Equations (58) and (60) into Equation (6) yields Equation (62) as
follows:
1= 8T porr
(62)

Similarly, substituting Equations (59) and (61) into Equation (7) yields Equation
(63) as follows:

MoM
S12 S21 1—‘POFF

_ oM
LPOFF — Szz + 1 SMF :
— 11t porr

r

(63)
Subtracting Equation (62) from Equation (56) yields Equation (64) as follows:

r |
r. -T =SPgP LPP _ LPOFF )
PP POFF 12 21(1_S£FLPP 1_52}’21—\/LP0FFJ
(64)
Subtracting Equation (63) from Equation (57) yields Equation (65) as follows:

r, r

_ OFF j i
1- SlflerP 1- Sl};FOFF

4 QPP
FLPP _FLPOFF - 512521 (
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(65)
Rearranging Equation (65) yields Equation (66) as follows:

M oM (FMP _FME)(1_SgFLMP)(1_SgFLME)

Slz 521 - 1—‘LMP - 1—‘LME .
(66)
5 Substituting Equation (66) into Equation (56) and rearranging yields Equation (67)
as follows:
L 0 e ey g
1—‘LPP - 1—‘LPOFF
(67)

Rearranging Equation (63) yields Equation (68) as follows:

PP
S21S12FPOFF

P _
N SR
(68)
Substituting Equations (66) and (67) into Equation (68) yields Equation (69) as
follows:
oor L A (I N L2 | o |
(Cere =Trnorr ) (L= T el rore )+ (T oo = oo J(1= S5 nore ) UreeT porr
15 (69)

Solving Equation (69) for the matrix parameter S5, yields Equation (70) as follows:

FPPF FLPOFF |2 _|FLPOFF |2 _FLPPFLPOFF |F r +

2 2
POFF| POFF| +FLPP LPOFF |FPOFF| _FPPFPOFF

P
Szz_

2 2 2 , 2
FLPPFPOFFFPP |FLPOFF| _FLPP ’FPOFF’ |FLPOFF| + FLPP _FLPOFF _FLPPFPPFPOFF + |FPOFF| FLPOFF

(70)
20 Once the matrix parameter S2, is calculated using Equation (70) in terms of the
voltage reflection coefficients I'p,, I'pppr, I'jpp, and I',, 0 given by Equations (48)-(51),
and assuming that the network is reciprocal such that S5, =S, , the remaining matrix

parameters S, S’ , and SI can be calculated using Equations (66) and (67).

25  Network Phase Delay

After determining the proper input power split between the main and peak branches

and the S matrices for all five of the different matching networks in amplifier 100, what
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remains to be determined is the phase delay for each branch.

Contributions to the phase delay in the main branch 120 are from (i) the main input
matching network 122 loaded by the input impedance of the main amplifier device 124
biased in Class-AB, (ii) the main device 124 itself, and (iii) the main output matching
network 126 terminated by the main branch load impedance looking into the combining
node 140 away from the main output matching network 126, where the main branch load

impedance is a function of the main device output power B, , the peak device output power

P, , the combining node impedance Z , , and the off-state peak load impedance Z,,,;r .

node 3
Contributions to the phase delay in the peak branch 130 are from (i) the peak input
matching network 132 loaded by the input impedance of the peak amplifier device 134
biased in Class-C, (ii) the peak device 134 itself, and (iii) the peak output matching network
136 terminated by the peak branch load impedance looking into the combining node 140

away from the peak output matching network 136, where the peak brand load impedance is

function of the main device output power P, , the peak device output power P,, the

combining node impedance Z_, , and off-state peak load impedance Z,,, .

node »

In a typical application, the goal is to achieve a prescribed level of phase matching
between the main and peak branches. Since there is no guarantee that the phase delays from
the two branches will fulfill such prescribed condition, one of the two branches can be
additionally delayed by means of inserting an input phase offset line (the function of which
will be subsumed into the corresponding input matching network) or a phase shifter, or by
means of digital signal processing in case of independent input to the main and peak
branches. The phase delay contribution from amplifier devices (e.g., transistors) is
measured during the load-pull process. If the S-parameters and load impedances are known,
then the phase delay contribution from individual two-port networks characterized by S
matrices can be calculated.

FIG. 3 shows a generic matching network 320 having (i) input port 315 connected to
a powered input load 310 having impedance Zs and (ii) output port 325 connected to a
grounded output load 330 having impedance Z; and voltage reflection coefficient I, where
input load 310 is powered by power supply 305 applying complex voltage signal V. The

input voltage reflection coefficient I';,, for matching network 320 is given by previous

Equation (5), where S11, S12, $21, and S», are the coefficients of the S matrix for matching

network 320.
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In general, a complex voltage wave V,, at a port n of a matching network is given by

Equation (71) as follows:
V=V +V~
(71)
where V' is the voltage wave heading towards the matching network and incident on port
n,and V_ is the voltage wave reflected from port n and heading away from the matching

network. Matching network 320 has two ports: input port 315 at its upstream side and
output port 325 at its downstream side.

The input voltage reflection coefficient I}, is given by Equation (72) as follows:

v
Oy =y
(72)
Similarly, the load voltage reflection coefficient I is given by Equation (73) as follows:
=%
v,
(73)
Substituting Equation (72) into Equation (71) for Port 1 yields Equation (74) as
follows:
Vo=V Y =V (14T,
(74)
Rearranging Equation (5) for impedance Zy yields Equation (75) as follows:
uyer, oL

(75)
Substituting Equation (6) into Equation (75) yields Equation (76) as follows:
(1+S,)(1=-S,T,)+8S,S,T

227 L 217 L

e (1_511)(1_522FL)_512521FL

(76)
The following Equation (77) represents the relationship between the voltage wave V)
at Port 1 and the source voltage wave Vs generated by power supply 305 after substituting in

Equation (76):
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V1 _ ZIN V. = ZO|:(1+SH)(1_SZZFL)+SZISIZFL:|VS

_ZIN+ZS ’ Zo[(l"'Sn)(l_SQQFL)+SQ1S12FL:|+ZS[(1_Sn)(l_SzzFL)_SmSmFL]

(77)
Substituting Equation (6) into Equation (74) yields Equation (78) as follows:
1+ Sn) (1 B SZZFL) + SﬂSlZFL
1-5,,I,

Vi =V1++Vl_ :V1+ (1+FIN) :Vl+(

(78)
Substituting V, from Equation (78) in place of V, in Equation (77) and solving for
V" yields Equation (79a) as follows:

V= Zy (1_SZZFL)VS
=
Z, [(1 + Sn) (1 - SZZFL) + SZISIZFL] +Z [(1 - Sn) (1 - SZZFL) - SZISIZFL]

(79a)
From the relationship V, =8, V" +8,,V,” of Equation (1) and from the definition of

V+
the reflection coefficient I, =—= , we get Equation (79b) as follows:

(79b)
Substituting the expression for V,* from the Equation (79a) into Equation (79b)
yields Equation (80) as follows:

= Sz1v1+ — 248,V
1- SZZFL Z, [(1 + Sn)(l - SZZFL)+ SZISIZFL:| +Zg [(1 - Sn) (1 - SZZFL) - SZISIZFL:|

(80)
- ) - - V2+ - -
Applying the definition of the reflection coefficient I, = V- to Equation (80) yields
2
Equation (81) as follows:
ZOS21FLVS
Zo [(1 + Su) (1 - Szer) + S21S12FL:| + Zs [(1 - Sn) (1 - Szer) - S21S12FL:|

V2+ =V, =

(31)
Substituting Equations (80) and (81) into Equation (71) for Port 2 yields Equation
(82) as follows:
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7.5, (1+T, )V
V2:V2++V2—: 0 21( L) S
Z, [(1 + Sn) (1 - SZZFL) + SZISIZFL:| +Zg [(1 - Sn ) (1 - SZZFL) - SZISIZFL]
(82)
Dividing Equation (82) by Equation (77) yields Equation (83) as follows:
ﬁz 521(1+FL) — SZI(1+FL)
V1 (1 + Sn)(l - SZZFL)+ SZISIZFL 1+ Sn - (Szz + SnSzz - SZISIZ)FL
5 (83)
wherein the complex ratio of voltages can be represented according to Equation (84) as
follows:
Vi _|Y i)
i Y
(84)

10 Where ¢ is the phase of the voltage wave at Port 1 and ¢, is the phase of the voltage wave

at Port 2.
Substituting Equation (84) into Equation (83) yields Equation (85) as follows:

v,

|4

PG :’ Sa (1+FL) ’em
’1"' S _(Szz +81180 =850 )FL ’

(85)
15  where the phase delay A¢=¢, —¢ = ¢ for matching network 320. Since the S matrices of

the five matching networks in amplifier 100 are known, Equation (85) can be used to

determine the phase delay across each of those matching networks.

Design Technique for a Two-Way Doherty Amplifier

20 FIG. 4 shows a flow diagram of technique 400 for designing two-way Doherty
amplifier 100 of FIG. 1.

In step 402 of design (i.e., synthesis) technique 400, main and peak input matching
networks 122 and 132, and node matching network 150 are designed using the techniques
described previously. Once the input power split that satisfies requirements for maximum

25  power levels is determined, it remains fixed. The impedance for the maximum peak power
should also remain fixed throughout the remainder of the design procedure.

The iterative loop formed by steps 404-410 is implemented to determine main and

peak impedance values Zpp, Zyp, and Zyg that satisfy the condition of step 408 that the node
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impedance modulation ratio N, at the combining node 140 is substantially equal to the

main device impedance modulation ratio Npp between Zyp and Zyg, where:
s 7Zppis the impedance presented to the peak device 134 during high-power operations;
®  Zup is the impedance presented to the main device 124 during high-power
operations; and
e 7ug is the impedance presented to the main device 124 during average-power, high-
efficiency operations.

In particular, in step 404, initial values for the three impedances Zpp, Zyp, and Zyz
are selected using the corresponding load-pull contours. These initial selections are made
by educated guesses based on the device load-pull performance and the amplifier
specifications. For example, if we need to design a 200W amplifier, we may start with (i)
an impedance on the main device that has 100W capability and (ii) an impedance on the
peak device that has 100W capability. There are multiple impedances that satisfy this power
condition, but the resulting amplifier may substantially differ in gain and efficiency, which
leads to an iterative process of further selection. The power ratio between the main and
peak device may change, which will lead to further iterations in the selection process.

In step 406, the node impedance modulation ratio N, and the main device
impedance modulation ratio Ny p are calculated using Equations (2b) and (3), respectively.

In step 408, it is determined whether the node impedance modulation ratio N,
sufficiently matches the main device impedance ratio Npp, e.g., to within a specified
threshold percentage. If not, then processing continues to step 410, where one or more of
the three impedances Zpp, Zyp, and Zye are adjusted using the corresponding load-pull
contours. The impedances are moved in the impedance space of the load-pull contours by
means of user-controlled cursors. Moving a cursor in the corresponding load-pull contour
plot will alter the value of the impedance and the associated load-pull data, which will cause
the algorithm to reevaluate matching network S-parameter values, valuesof N ,, N,,, and
all other parameters of the circuit that are dependent on these impedances and the transistor
load-pull data associated with these impedances. Processing then returns to step 406 to
determine the impedance modulation ratio N, and the main device impedance modulation
ratio Nyp using the updated impedances.

When step 408 determines that the node impedance modulation ratio N,

sufficiently matches the main device impedance modulation ratio Nrp, then processing
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continues to step 412, where the S matrices for the main and peak output matching networks
126 and 136, the inter-branch power split (implemented by power splitter 110), and the
inter-branch phase delay are calculated based on the final values for the three impedances

Zpp, Zyp, and Zyg determined by steps 404-410, using the techniques described previously.

Analysis of a Two-Way Doherty Amplifier

After two-way Doherty amplifier 100 of FIG. 1 has been designed, e.g., using design
technique 400 of FIG. 4, appropriate sets of load-pull data can be used to analyze the
amplifier
to establish relationships between the values P* and Z on the input side and the values

P, ., 7, ,and ¢, on the output side of the main device 124 and also between the values P

and Z! on input side and the values P,, Z,, and ¢, on the output side of the peak device

134.

FIG. 5 shows a flow diagram of a technique 500 for analyzing two-way Doherty
amplifier 100 of FIG. 1. Analysis technique 500 consists of two nested loops: an outer loop
in which the amplifier is analyzed at different input power levels and an inner loop in which
the impedance levels for the main and peak output matching networks are adjusted for a
particular input power level until those impedance levels converge on steady-state values.

In analysis technique 500, the input power level starts at the maximum power level
for the amplifier and is decremented for each iteration of the outer loop for a specified
number of iteration steps designed to bring the input power level down to an appropriate
minimum power level for the amplifier. Analysis technique 500 starts the input power
sweep of the outer loop from the maximum power level because impedances and other
parameters were selected during design technique 400 of FIG. 4 for this same maximum
power level, which ensures that, in the absence of error in the design, analysis technique 500
will rapidly if not immediately converge to satisfy the inner loop condition of step 512 for
the first iteration of the inner loop for the first iteration of the outer loop. In an alternative
implementation of the analysis technique, the input power level could start at the minimum
power level and be incremented for each subsequent iteration of the outer loop until the
maximum power level is reached.

For the initial iteration of the inner loop and the initial iteration of the outer loop, the

main and peak output matching network impedance levels Z,, and 7, are initialized to

high-power impedance levels. If the design is determined using design technique 400 of
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FIG. 4, then the initial Z,, and Z, values will be respectively equal to the final values of
Z,» and Z,, from design technique 400. If an external design is used (i.e., a design

determined using some other technique), then educated guesses for the impedance values

Z,» and Z,, are used to start the iterative process. For each subsequent iteration of the
outer loop, the steady-state main and peak output matching network impedance levels Z,;"

and Z,” determined during the previous outer-loop iteration are retained as the initial
values for the first iteration of the inner loop.

In particular, analysis technique 500 begins at step 502, where the input power level
P, 1s initialized to the maximum power level Py, Based on the known power split
performed by input power splitter 110, the magnitudes of the main branch input power level

P, and the peak branch input power level Py, can be determined from the input power

level P;,. In addition, step 502 specifies the size Py, of each power level decrement and the
number Ny, of such decrements for the analysis. Note that, for this explanation, all powers
are expressed in dBm or other suitable relative units.

In step 504, the impedance level Z,, of main amplifier device 124 and the network
impedance level Z, of peak amplifier device 134 are initialized to values for high-power

operations determined during design technique 400 of FIG. 4.

In addition, phase alignments for the main and peak branches are performed during
step 504. Equation (85) is used to calculate the phase delay of each block within each
branch under varying load conditions that they experience during the amplifier operation.
The sum of the phase delays for each block in a branch will give the overall phase delay for
the branch. Since there are two (or more) branches, and we want to make signals combine
at the combining node under specified phase conditions (in-phase or otherwise specified
phase relation), the phase of each peak branch may need to be adjusted with respect to the
main branch to achieve the specified phase conditions. For in-phase alignment, for
example, if (i) the main branch has a delay of 97° and (ii) the peak branch has a delay of 85°,
in order to make the currents in phase at the combining node 140, the peak branch can be
delayed by 12° by delaying the peak input signal by 12°. If the new delay for the main
branch is now 95° and new delay for the peak branch (with the previous delay correction of
12°) is 98° (this can happen due to load conditions changing somewhat as a consequence of
the phase adjustment), an additional delay correction of -3° can be applied to the peak

branch (for a net delay correction of 9°), such that the delay for the main branch is now 96°
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and the delay for the peak branch is now 96°, at which point phase alignment is completed.
This is done directly by monitoring the branch currents at the combining node. Equation
(83) is buried in the calculations that yield proper values for the branch currents at the

combining node. In the phase-alignment process, Z,, and Z, will also change somewhat

but this is expected.

If the proper design impedances are not known, ¢.g., because the amplifier was
designed using a technique other than design technique 400 of FIG. 4, then "phase
alignment needs to be guessed as well and we need to go through iterations to achieve
convergence and if necessary re-evaluated our phasing guess.” Looking at the constant
input power load-pull contours for the main and peak devices, the most plausible values for

impedances Z,, and Z, for high-power performance are determined. The phase offset

needed for an in-phase condition is then determined by observing the initial phase mismatch
of the currents at the combining node and using it to obtain convergence for this initial value
of input power. The technique does not yet proceed to a full input power sweep. Changes

are made in phase alignment if necessary and the convergence is repeated at the initial input
power level. This is done until a desirable phase alignment is achieved. Only then does the

technique proceed to the full input power sweep.

In step 506, the output power Py and phase response ¢, of main amplifier device

124 are determined from the load-pull data (e.g., 5, 9,45 for the main device biased in

Class-AB) using the main branch input power level P and the main amplifier device

impedance level 7. The power and phase values are read from the load-pull power sweeps.
These parameters are directly measured in the active device load-pull process with some
level of interpolation possibly involved. Similarly, the output power Pp and phase response

@p of peak amplifier device 134 are determined from the load-pull data (e.g., Pipac, @, for

the peak device biased in Class-C) using the peak branch input power level P and the peak

amplifier device impedance level Zp.

In step 508, the voltages Vi and Vp and currents Iy and Ip output from the main and
peak amplifier devices 124 and 134 are determined.

FIG. 6 shows a block diagram representing passive output combining network 170 of
FIG. 1. In FIG. 6, load 138 represents the load on the main branch contributed by the peak
branch when the peak branch is disabled. It is the loading effect of the peak branch on the

main branch when the peak device is in the off-state.
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For the main branch 120 going from the main device 124 toward the combining node

140, calculations for converting the main device impedance Z,, into the main voltage

reflection coefficient T, , and vice versa, are given by Equations (86) and (87) as follows:

_Zu=%
VAR
5
(86)
ZM=Z()1+FM:V_M:‘ZM’61'¢ZM
1-T, I,
(87

The main device voltage V,, is calculated from the known main device power P,, and
main device impedance Z,, (complex power §,, is fully determined by known P, and Z,,
10 ) as follows. Complex power §,, of the main device has a real part P,, that is known from
the load-pull data and an imaginary part Q,, that is unknown. However, S,, is also given

Vu

27/,

2

by in which the impedance Z,, is known from load-pull data. Known values of P,

and Z,, allow the calculation of V,, and I,, = V—M, which are used in the circuit analysis of
M

output combining network 170. As such, the complex power §,, of the main device is

15  given by Equation (88) as follows:

27

M

|l Zu _ VIl
2 2

Sy =P, +j0,

(88)

and the voltage Vj; of the main device is given by Equation (89) as follows:

20 Vi =[Vyle? = 2F }\ZM\eWM

Re{Z,

(89)

where

¢, is used as reference phase (¢, =0) or measured

2P,
= |-Zu |7
Re{ZM}‘ u

VM
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For the peak branch 130 going from the peak device 134 toward the combining node

140, calculations for converting the peak device impedance Z, into the peak voltage

reflection coefficient I',, and vice versa, are given by Equations (90) and (91) as follows:

_ZP_ZO
Pz,+7,
5
(90)
e o A
1-r, I,
o1

The peak device voltage V, is calculated from the known peak device power P, and
peak device impedance Z, (complex power S, is fully determined by known P, and Z,)
10 as follows. Complex power S, of the peak device has a real part P, that is known from the
load-pull data and an imaginary part Q, that is unknown. However, S, is also given by

2
M in which the impedance Z, is known from load-pull data. Known values of P, and
P

Z, allow the calculation of V, and I, = % , which are used in the circuit analysis of output
P

combining network 170. As such, the complex power S, of the peak device is given by

15  Equation (92) as follows:

W[ \IPFZP _Vul,
27! 2 2

S, =P, +jO, =

(92)

and the voltage Vp of the peak device is given by Equation (93) as follows:

20 VP — |VP|ej¢P — | | e

Re{Z

(93)

Once the voltages and currents on the device side for each branch are known,
currents on the node side of each branch can be determined, which enables the calculation of
loading impedances for each branch and in turn enable the calculation of new impedances

25  presented to the devices. In particular, in step 510, the signals are allowed to propagate

through the passive network formed by the main and peak output matching networks 126
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and 136, the node matching network 150, and output load 160, and new values Z;;" and

7, for the main and peak amplifier device impedance levels are determined.
Load side main voltages, currents, and impedances are calculated from known main
device side voltages, currents, impedances, and S-parameters of the main output matching

network 126 as follows. Since V,,, I,,, Z,, , and T,, are known on the device side of main

e
output matching network 126 and S-parameters [S M ] of the network 126 are known as well,
Vo> L > Z1» and T, can be calculated on the node side of network 126 by using the
expressions below, which result from circuit analysis. Calculations regarding Z, .. are
done to account for loading effect at combining node 140 due to the off-state impedance of
the peak device transformed through network 126.

The relation between I',, and I;,, is derived from the definition of the S-

parameters (Fig. 2) and given by Equation (94) as follows:

MR

r, =S+
o - SUT
(94)

Rearranging Equation (94) to express 1;;,, in terms of I, yields Equation (95) as follows:

_ FM _SlAf
SuSy+8n (Cy —SY)

FLLM

95)

where the corresponding impedance Z,,,, is given by Equation (96) as follows:

S 2 v

LM 0 1 _ FLLM
(96)
Using Equation (83), V;,, can be expressed in terms of V,, , and used to calculate
current /,,,, according to Equations (97) and (98) as follows:

— SZAT (1+FLLM)VM
1+ 8Y — (82 +8Y 8% —SHSMIT,,,

M

7)
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(98)

From the peak device side, off-state impedance Z,.- of the peak device is

transformed into Z, .- loading the main branch as follows:

14T VA -7
=7 OFF r _ ZorFr 0
OFF 0 OFF
1- FOFF ZOFF + Zo
P QP
5 T = S;; + S8 orp _ L+ Tomp
P LOFF 0

1- SHFOFF 1- FLOFF

The main branch load impedance Z,,, is expressed in terms of Z,,,, and Z, .,
where Z,,,,1s given by a parallel connection of Z,,, and Z,;». The main branch load
current /,,, entering the combining node is derived from the current /,,,, entering the

current divider formed by Z,,, and Z, - as follows:

YAV Z -7
10 7 = _ZumMZiorr . _ Zrorr — 21y g
M 7 7 M 7

LIM

LM
LOFF

LOFF
Load-side peak voltages, currents, and impedances are calculated from known peak
device side voltages, currents, impedances, and S-parameters of the peak output matching

network 136 as follows. Since V,, I,, Z,, and T, are known on the device side of peak
output matching network 136 and S-parameters [S F ] of the network 136 are known, V,,,
15 I,,,Z,,,and T, can be calculated on the node side of network 136 by using the

expressions below, which result from circuit analysis. The manner in which peak
expressions are derived is similar to that used for the main branch expression derivations

presented above. The Z

node

calculation is the result of an impedance transformation through

a network with known S-parameters.

SESIT r,-S° 1+T
2 FP:SﬁJrlusZ;FLP > Tw=ga g sy 2T,
T Ontip 129 T 22( P 11) “trr
Vo= SZPI(1+FLP)VP . I _h
LP > =
1+S1Ii _(S;; +S1P15£ _SIISSZPI)FLP t ZLP
Z, -7 c S1C2S2ClrL I+T
1—‘L =—t ’ ; Fnode = Sll + C ; node — ZO node
ZL+ZO 1_S22FL 1_Fnode

New main and peak branch load impedances Z,,,, Z,,,,, and Z,, are calculated

using the newly calculated values of 1,,,, 1,, as follows:
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\% \%
V=(ILM+ILP)Znode; Zim :I_; ZLP:I—
M LP
7 — ZiwZiorr . r — Zyw =2 .
LIM > M >
Lo+ Zrorr Zuu 2y

New main and peak device side impedances Z,, and Z, are calculated based on the

new main and peak branch load impedances Z,,,, and Z,, by transforming these

LLM
5  impedances through networks 126 and 136 back to the main and peak device side to obtain

new device-side impedances Z,, and Z,, respectively.

M oM
r
rM:SﬁIJrSuSz%; ZM=201+FM
1-S¥T,,,, 1-T,,
Z.,-7 » SLSIT 1+T
=20 r,=S"+ 122;11’; Z,=2, P
Z,,+7, 1-SiT,, 1-T,

In step 512, it is determined whether the new main and peak amplifier device
10 impedance levels Z;;" and Z,” sufficiently match the corresponding previous impedance
levels Zy and Zp. In one implementation, this determination is made by determining
whether the corresponding values are equal to within a specified threshold level. If the
different pairs of impedance levels do not all sufficiently match, then the inner loop is not
yet complete and processing continues to step 514, where the main and peak amplifier

15 device impedance levels Zy and Zp are updated to be equal to the new values Z,;” and Z,"

determined in step 510. Processing then returns to repeat steps 506-512 using the updated
impedance levels.
If step 512 determines that the different pairs of impedance levels do all sufficiently
match, then the inner loop is complete for the current input power level Pi,, and processing
20  continues to step 516, which determines whether the number N,; of remaining steps is
greater than zero. If the number of steps is greater than zero, then the outer loop is not yet
complete, and processing continues to step 518, where the number of steps and the main and
peak branch input power levels are decremented for the next iteration of the outer loop.
Processing then returns to repeat steps 506-512 for the first iteration of the inner loop for the
25  new outer-loop iteration,
If step 516 determines that the number Ny, of steps has reached zero, then the
analysis algorithm is complete and processing terminates at step 520.
Note that Doherty amplifiers designed using design technique 400 of FIG. 4 can be

analyzed using analysis technique 500 of FIG. 5 and/or using any other suitable analysis
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technique. Similarly, analysis technique 500 can be used to analyze Doherty amplifiers
designed using design technique 400 and/or Doherty amplifiers designed using any other
suitable design technique.

Although design technique 400 and analysis technique 500 have been described in
the context of two-way Doherty amplifiers, in general those techniques can be extended to
apply to N-way Doherty amplifiers having a main amplifier branch and (N-1) peak amplifier
branches.

Although design technique 400 and analysis technique 500 have been described in
the context of fixed input conditioning, those techniques can be applied to other
implementations, such as static adjustable input conditioning and dynamic input
conditioning. Static adjustable input conditioning implies that the amplitude ratio of the
input signals and their phase relationship are adjusted for one power level at a frequency of
interest. The user can specify change of input settings with frequency. Dynamic adjustable
input conditioning implies that the amplitude ratio of the input signals and their phase
relationship are specified for all power levels and frequencies of interest. The user can
specify change of input settings with power and frequency. Each of these three different
scenarios has its own set of goals and restrictions, and they can all be addressed using the
principles and calculations of design technique 400 and analysis technique 500.

While this invention has been described with reference to illustrative embodiments,
this description is not intended to be construed in a limiting sense.

Various modifications of the described embodiments, as well as other embodiments
of the invention, which are apparent to persons skilled in the art to which the invention
pertains are deemed to lie within the principle and scope of the invention as expressed in the
following claims.

Signals and corresponding nodes or ports may be referred to by the same name and
are interchangeable for purposes here.

Transistors are typically shown as single devices for illustrative purposes. However,
it is understood by those with skill in the art that transistors will have various sizes (e.g.,
gate width and length) and characteristics (e.g., threshold voltage, gain, etc.) and may
consist of multiple transistors coupled in parallel to get desired electrical characteristics
from the combination. Further, the illustrated transistors may be composite transistors.

Unless explicitly stated otherwise, each numerical value and range should be
interpreted as being approximate as if the word "about" or "approximately" preceded the

value of the value or range.
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It will be further understood that various changes in the details, materials, and
arrangements of the parts which have been described and illustrated in order to explain the
nature of this invention may be made by those skilled in the art without departing from the
scope of the invention as expressed in the following claims.

The use of figure numbers and/or figure reference labels in the claims is intended to
identify one or more possible embodiments of the claimed subject matter in order to
facilitate the interpretation of the claims. Such use is not to be construed as necessarily
limiting the scope of those claims to the embodiments shown in the corresponding figures.

Although the elements in the following method claims, if any, are recited in a
particular sequence with corresponding labeling, unless the claim recitations otherwise
imply a particular sequence for implementing some or all of those elements, those elements
are not necessarily intended to be limited to being implemented in that particular sequence.

Reference herein to "one embodiment™ or "an embodiment” means that a particular
feature, structure, or characteristic described in connection with the embodiment can be
included in at least one embodiment of the invention. The appearances of the phrase "in one
embodiment” in various places in the specification are not necessarily all referring to the
same embodiment, nor are separate or alternative embodiments necessarily mutually

exclusive of other embodiments. The same applies to the term "implementation.”

"o "non

Also for purposes of this description, the terms "couple,” "coupling,” "coupled,”

"non

"connect," "connecting," or "connected" refer to any manner known in the art or later
developed in which energy is allowed to be transferred between two or more elements, and
the interposition of one or more additional elements is contemplated, although not required.
Conversely, the terms "directly coupled,” "directly connected,” etc., imply the absence of
such additional elements.

The description and drawings merely illustrate the principles of the invention. It will
thus be appreciated that those of ordinary skill in the art will be able to devise various
arrangements that, although not explicitly described or shown herein, embody the principles
of the invention and are included within its spirit and scope. Furthermore, all examples
recited herein are principally intended expressly to be only for pedagogical purposes to aid
the reader in understanding the principles of the invention and the concepts contributed by
the inventor(s) to furthering the art, and are to be construed as being without limitation to
such specifically recited examples and conditions. Moreover, all statements herein reciting
principles, aspects, and embodiments of the invention, as well as specific examples thereof,

are intended to encompass equivalents thereof.
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CLAIMS

What is claimed is:

1. A technique for analyzing an amplifier having a main amplifier branch and at least
one peak amplifier branch, each branch having an active device, the technique comprising:

(a) specifying an input power level and impedance levels for the amplifier;

(b) obtaining output power level and phase response of each active device using load-
pull data based on the input power level and the impedance levels; and

(c) analyzing performance of the amplifier based on the impedance levels, the output

power levels, and the phase responses.

2. The invention of claim 1, wherein the amplifier is a Doherty amplifier.

3. The invention of claim 1, wherein step (¢) comprises determining an output voltage

level for each active device.

4. The invention of claim 1, further comprising:
(d) determining new values for the impedance levels based on the output voltage levels
of the active devices; and

(e) repeating steps (b) and (c) based on the new impedance level values.

5. The invention of claim 4, wherein steps (d) and (e) are repeated until the new
impedance level values are substantially equal to corresponding previous impedance level

values.

6. The invention of claim 1, wherein steps (a)-(c) are repeated for one or more

additional input power levels.

7. The invention of claim 1, wherein the load-pull data comprises:

load-pull data for the active devices in the main and peak branches for a high-power
operating mode of the amplifier; and

load-pull data for only the active device in the main branch for a high-efficiency

operating mode of the amplifier.

8. The invention of claim 1, wherein the load-pull data comprises:
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Class-AB amplifier load-pull data for the active device in the main branch; and

Class-C amplifier load-pull data for the active device in each peak branch.

9. The invention of claim 1, wherein:
step (¢) comprises determining an output voltage level for each active device;
further comprising:
(d) determining new values for the impedance levels based on the output voltage
levels of the active devices; and
(e) repeating steps (b) and (c) based on the new impedance level values;
steps (d) and (e) are repeated until the new impedance level values are substantially
equal to corresponding previous impedance level values;
steps (a)-(c) are repeated for one or more additional input power levels; and
the load-pull data comprises:
Class-AB amplifier load-pull data for the active device in the main branch for a high-
power operating mode of the amplifier;
Class-C amplifier load-pull data for the active device in the peak branch for the high-
power operating mode of the amplifier; and
Class-AB amplifier load-pull data for only the active device in the main branch for a

high-efficiency operating mode of the amplifier.

10. The invention of claim 1, wherein the amplifier is designed based on the load-pull
data for the active devices by:

(1) obtaining impedance levels for the amplifier from the load-pull data for the active
devices;

(2) determining a combiner impedance modulation ratio (e.g., Neoms) for the amplifier;

(3) determining a main device impedance modulation ratio (e.g., Nrp) for the amplifier
based on the impedance levels;

(4) determining whether the combiner impedance modulation ratio and the main device
impedance modulation ratio satisty a specified condition; and

(5) repeating steps (2)-(4) using adjusted impedance levels until the combiner impedance
modulation ratio and the main device impedance modulation ratio satisfy the specified

condition to determine final impedance levels for the amplifier.
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