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(57) Abstract: The present invention discloses a pre-distorter, which comprises: a pre-distortion module, which is configured to pre-
distort a plurality of baseband input signals by an equal number of pre-distortion functions to obtain equal number of pre-distorted
signals respectively, wherein all of the baseband input signals input into every pre-distortion function, and each pre-distortion func -
tion has one output; an adder, which is configured to combine all of the pre-distorted signals output from every pre-distortion func -
tions into one combined signal; and a power amplifier (PA), which is configure to amplity the combined signal, wherein the cascade
of the pre-distortion functions and the PA are linear overall. And the present invention also discloses a method for distorting. The

present invention reduces the implementation cost of a pre-distorer.
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A METHOD FOR PRE-DISTORTING AND A PRE-DISTORTER

Technical Field

The present invention relates to the communication field, and particularly, to a method for

pre-distorting and a pre-distorter.

Background of the Related Art

Currently, if one wishes to transmit two signals with high efficiency over two different
bands, the dual band digital pre-distortion (DB-DPD) system shown in FIG 1 may be used.
Complex baseband signals BB; 101 and BB, 102 are centered at OHz and have a bandwidth of
B, and B, respectively. The intent of the DB-DPD system is that BB; and BB, will appear on

the power amplifier’s output centered at frequencies f;; and f,; respectively.

Signals BB; 101 and BB, 102 are sent into frequency shifters 103 and 104 respectively, and
the frequency shifters 103 and 104 shift the frequencies of the signals BB; 101 and BB, 102 to
fi and f, respectively. These two shifted signals are combined by an adder 105 and then
forwarded to a pre-distortion module 106, which processes the combined signal by a pre-
distortion function. The output of the pre-distortion module 106 is then sent to a final frequency
shifter 107 which shifts the frequency by f,. It should be clear that f1+f,=f;; and f;+f,=f,. Also,
to-fo=f2-f1. In this application, a device which shifts the center frequency of a signal is called a
‘frequency shifter’. Other equivalent terminology exists such as ‘upconverter’ and

‘downconverter’, but this application will use the term ‘frequency shifter’.

The output of the final frequency shifter 107 is sent to a power amplifier (PA) 108, and the

PA 108 produces the final signal which will be transmitted.

The power amplifier 108 is typically a low efficiency device and one method that can be
used to improve its efficiency is to drive it into its nonlinear region. The problem is that the
more the PA is driven into its nonlinear region, the higher the amount of distortion that is

introduced by the PA.

The goal of the pre-distortion function, which is also a non-linear function, is to create a

signal to be sent to the PA such that the output signal of the PA contains little or no distortion. In
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other words, although the pre-distortion function and the PA are individually non-linear, the

cascade of the pre-distortion function and the PA produces a system that is linear overall.

Although many functions can be used for the pre-distortion function, one function that is

often used is called the memory polynomial, which is shown in Eq 1:

S
-

-1

Eql pd out(n)= h,.pd _in(n— jjpd _in(n— j)|k :

<
|
)
o
|

Wherein pd_in is the signal input into the pre-distortion function and pd_out is the signal
produced by the pre-distortion function. n is the sample index. M and L represent the memory
depth and nonlinearity length of the above example of a pre-distortion function respectively.
The actual values used for M and L will vary based on the actual PA that is being used but

typically, M will be a rather small number around 4 and L will be around 10.

One method that can be used to calculate the coefficients h;jy is the indirect learning
architecture. The concept of the indirect learning architecture is that a model, which models the
input of the PA based on the output of the PA, is created. Once such a model is created, the

model is used directly as the pre-distortion function.

For example, suppose that several samples input into and output from the PA are captured
and are denoted as p; for the samples input into the PA, and p, for the samples output from the
PA. The required number of samples varies from one PA to another PA but typically, the

required number of samples is between 2000 and 10000.

These samples are typically observed using a capture buffer 111. The capture buffer 111 has
two inputs. One input of the capture buffer 111 comes from the output of the pre-distortion
module 106. The other input of the capture buffer 111 first comes from a coupler 110 which
extracts a small portion (typically less than 1% of the output power) of the signal coming from
the PA. The most important property of the coupler is that it produces a signal that very
accurately represents the actual output of the PA, but at a significantly reduced power level.
This extracted signal is forwarded to a frequency shifter 109 which shifts the signal back down
in frequency by f,. The output of this frequency shifter 109 is connected to the other input of the

capture buffer 111.
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The capture buffer 111 is typically controlled by a Digital Signal Processor (DSP) 112
which, through the use of a trigger signal, indicates when the capture buffer 111 should begin
capturing data. Once the capture buffer 111 receives a trigger signal, it begins to capture data

until the memory of the capture buffer 111 has been completely filled.

5 After the capture buffer’s memory has been filled, the captured values for p; and p, are
typically read out of the capture buffer 111 by a Digital Signal Processor (DSP) 112 which

proceeds to solve for the coefficients /’Alj)k in the following equation Eq 2 using least squares

minimization.
M-1L .
Ea2  pm=2>h,p,m~jlp,m-j)f .
j=0 k=0
10 Specifically, the above equation Eq 2 can be expressed using matrix arithmetic as Eq 3:
Eq3 p = Hh .

Wherein the p,, H, and # in Eq 3 can be expressed as Eq 4, Eq 5, and Eq 6 respectively:

p.(D)
Eq 4 ﬁi =| D; (2)

p,(1-M)|"
p,2-M)|

20 . p,Op,O .. pA-M) .. p,(1-M)
Ea5 H=p,@ .. p,@P,@ .. p.2-M) . p,2-M)

S

S

oL

S
Il

15 Eq6

=

M0

S

ML

The least squares minimization solution to the overdetermined equation Eq 3 is expressed

as Eq 7:
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7 HyrY! g7H
Eq7 h=(H"H]' H"p,.

The general operation of the DB-DPD system shown in FIG 1 is that when the DB-DPD
system is first turned on, he e will be 1 and all other values of h;; will be zero. Some data will be
captured by the capture buffer 111 and analyzed by the DSP 112 so as to produce the vector h
and all of the values of /;j,k' After these values have been calculated, all of the h;y values will
be simultaneously updated and replaced with the };].’k values. One can consider the h;; values to
be the ‘old values’ or the ‘current values’ which are updated all at once with the ﬁ]’k values

which can be considered the ‘new values’ or the ‘updated values’.

The process of capturing data, performing calculations, and finally updating the coefficients
h;i can be considered as one iteration. Typically, several iterations are performed so as to reach
a final optimal solution. Also, if it is known that the characteristics of the PA will be changing

in time, iterations may be performed continuously.

As shown in FIG 2, the bandwidth of the signal input into the pre-distortion function is

expressed as Eq 8 or Eq 9:

B B
Eq8 B,,. =f —f +—+—2
q PD.in ‘f;z ‘flcl 2 2

Eq 9 BPD,in = B] + B2 +Bdeadspace'
Wherein the Bgeadspace 18 the amount of unused bandwidth between signals BB; and BB,
which is expressed as Eq 10 :
B _B

qu. Bea sacez e Ja 4 T A
deadsp fl fl 2 2

It is well known to a person skilled in the art that the bandwidth of the signal output from
the pre-distortion module 106 is significantly larger than the bandwidth B, of the signal
input into the pre-distortion module 106. The actual bandwidth required on the output of the
pre-distortion module 106 so as to sufficiently linearize the PA 108 depends on the actual PA
108 in use, the center frequency of the PA 108, and the actual signal being transmitted through
the PA 108. However, a general rule of thumb is that the bandwidth of the signal output from

the pre-distortion module 106 must be about 5 to 7 times the bandwidth of the signal input into
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the pre-distortion module 106. Although the bandwidth expansion factor of the pre-distortion
module 106 will vary based on the particular application, for the discussion in this application,
the bandwidth expansion factor will be assumed to be 7. Thus the bandwidth B, ,,, of the
signal output from the pre-distortion module is expressed in Eq 11:

Eq 11 BPD,out = 7BPD,m .

The pre-distortion module will produce output samples at a sampling rate of at least Bpp out.
Thus, the larger Bppnis, the more stringent the requirements on the pre-distortion function are.
Specifically, the sampling rate of the output of the pre-distortion module, and the minimum rate
at which the pre-distortion module must calculate output samples, is:

Eq 12 .fs,PDaut = 7BPD,in = 7(B1 +B,+ Bdeadspace)'

Thus, although the final signal to be transmitted from the PA only contains energy over a
frequency range totaling B, + B,, the sampling rate of the pre-distortion module is severely
degraded by Bagcaaspace. For example, suppose that B; and B; are 5 MHz and 10 MHz
respectively and suppose further that Bacadspace 18 200 MHz. Although only 15 MHz of
information will be transmitted by the PA, the output of the pre-distortion module will need to

run at a frequency of about 1.5 GHz!

Note that typically, the sampling rate of the data input into the pre-distortion module will be

equal to the sampling rate of the data output from the pre-distortion function:

Eq 13 fs,PDout = .fs,PDz‘n

Furthermore, the sampling rate of all the processing before the pre-distortion function will

also typically be at the same rate as f, ,,, .

It can be seen from above description that the minimum sampling rate required by the prior
art is expressed in Eq 14:

=7(B + B, +B,

eadspace )

Eq 14

fs,min, prior _art

And the implementation cost of the prior art is related to f, The larger

,min, prior _art *

Jrmin prior_ar1S, the larger the implementation cost is.
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Thus, the implementation cost of the prior art depends on Bgcadspace @and can become
immense if Bgeaaspace 18 very large. It would be beneficial if a solution existed to reduce the
implementation cost of a dual band pre-distortion transmitter. Furthermore, it would also be
beneficial if a solution existed such that the implementation cost of a dual band pre-distortion

transmitter would not be a function of Bgcadspace.

Summary of the Invention

The problem to be solved in the present invention is to provide a method for pre-distorting

and a pre-distorter, which reduces the implementation cost of a pre-distortion transmitter.

In order to solve above technical problem, the present invention provides a pre-distorter,

which comprises:

a pre-distortion module, which is configured to pre-distort a plurality of baseband input
signals by an equal number of pre-distortion functions to obtain equal number of pre-distorted
signals respectively, wherein all of the baseband input signals input into every pre-distortion

function, and each pre-distortion function has one output;

an adder, which is configured to combine all of the pre-distorted signals output from every

pre-distortion functions into one combined signal; and
a power amplifier (PA), which is configure to amplify the combined signal,
wherein the cascade of the pre-distortion functions and the PA are linear overall.
Wherein

the pre-distortion module is a multiple input multiple output (MIMO) pre-distortion module,
wherein the number of inputs and outputs of the pre-distortion module are equal to the number

of baseband input signals, and each output corresponds to one pre-distortion function;
or

the pre-distortion module includes a plurality of pre-distortion units, wherein all of the
baseband input signals input into each pre-distortion unit, and each pre-distortion unit

corresponds to one pre-distortion function and has one output.
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The pre-distorter further comprises:

a frequency shifting module, which is configured to frequency shift the output of each pre-
distortion function, wherein a center frequency of the output of each pre-distortion function is

shifted to a transmitting carrier frequency.
Wherein the frequency shifting module comprises a plurality of frequency shifters, wherein

each output of pre-distortion module is connected to one or more cascaded frequency
shifters, and all frequency shifters shift the center frequency of the output of each pre-distortion

function to a transmitting carrier frequency finally; or

each output of pre-distortion module is connected to one or more cascaded frequency
shifters, which shift the center frequency of the output of each pre-distortion function to an
intermediary frequency finally, and the outputs of the frequency shifters are connected to the
adder, and output of the adder connects one or more cascaded frequency shifters, which shift

the center frequency of the output of the adder to transmitting carrier frequencies; or

each output of pre-distortion module is connected to one or more cascaded frequency
shifters, which shift the center frequency of the output of each pre-distortion function to an
intermediary frequency finally, and the outputs of the frequency shifters are connected to the
adder, and output of the adder is connected to one or more cascaded frequency shifters, which

shift the center frequency of the output of the adder to transmitting carrier frequencies; or

F outputs of pre-distortion module is connected to one or more cascaded frequency shifters,
which shift the center frequency of the output of the pre-distortion function to an intermediary
frequency finally, F equal to the number of baseband input signals minus 1, and the outputs of
the frequency shifters are connected to the adder, and output of the adder is connected to one or
more cascaded frequency shifters, which shift the center frequency of the output of the adder to

transmitting carrier frequencies.
The pre-distorter further comprises:

a bandpass filter, which is configured to connect with a output of the PA, and filter out

harmonics of said carrier frequencies introduced by the PA, and transmit the filtered signal;
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wherein the cascade of the pre-distortion functions, the PA and the bandpass filter are linear

overall.

Wherein the pre-distortion functions are

AV, -1 Lz,l -1 L;,z -1 LI,N_l

PD;(n) = Z Z Z Z hz,j,kl,kz,...,kNBBi (n_j)|BBl (”’_].)rcl LBBz (n_j)

J=8 k=0 k=0 k=0

& |BBy(n- j)|k”

5 Wherein
11s between 1 and N, and N is equal to the number of the baseband input signals;

M, represents the memory depth of the PA, L, , L, ,.... L,y represent the nonlinearity
length and the interband crosscorrelation degree of the pre-distortion function, and values used

form, L, L, . andl,y vary based onthe PA;

10 coefficients 4, ,, , , are chosen such that the cascade of the MIMO pre-distortion

function, and the PA will be linear overall;
BB, are baseband input signals, and PD, are the pre-distorted signals.

Wherein the coefficients 4, ,, , , are obtained by solving:

MLyl Ll

PDm=X33 .3 h, .. . POn-jPO -\ |PO,(n-j)* |PO,(n-j)|*

J=8 k=0 k=0 k=0

15 wherein PO, are captured signals of the pre-distorted signals, which are captured from the

output of the PA.
The pre-distorter further comprises:

a plurality of bandpass filters, which are configured to filter a signal output from the PA,

wherein the number of the bandpass filiters is equal to the number of the baseband input signals;

20 a plurality of frequency shifters, which are configured to shift the output signals of each
bandpass filters respectively to obtain captured signals PO,, wherein the center frequency of
each frequency shifted signal is zero, and the number of the bandpass filiters is equal to the

number of the baseband input signals;
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a capture buffer, which is configured to obtain PD, and PO,, and output the obtained
PD, and PO, to a digital data processor (DSP), and the number of inputs of the capture buffer

equals to twice of the number of the baseband input signals; and

a DSP, which is configured to calculate coefficients 7, ;, , , by solving equation Eq.2,

5  and output the calculated coefficients 4, ,, , , to the pre-distortion module.

9. The pre-distorter as claimed in claim 8, wherein the DSP is configured to use least

. . . . > _1 — . .
squares minimization /A, = (H H ,.) H p, to solve the above equation to obtain the values of

hz',j,kl,kz,...,kN >

wherein
1,0,0,...,0,0
hi,O,O,...,O,LiYN—l
1,0,0,....1,0
hi,0,0,...,l,Lin—l
i = N 2
h 0,0,... 1, yy=1,0
hi,O,O,...,LiYN,l—1,L1-7N—1
hi,l,O,...,0,0
PD,(1)
10 py=|PD®)|, ;
1M, =1Ly L g L -]

H, is a matrix, and elements in the matrix are expressed as

PO, (n-j)|PO, (n—j)|k1 PO, (n—j)|k2 -|po, (n—j)|ki .|POy (n—j)|kN, and row n in the matrix

is expressed as:
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PO, (n-0) |PO] (n —O)‘O ‘PO2 (n— O)‘O ‘PON_] (n— O)‘O |P0AV (n— 0)’0
PO, (n- O)‘PO1 (n- 0)‘O ‘PO2 (n— 0)‘0 ...|PON_1 (n— 0)|O |PO‘V (n- 0)’]

PO, (n-0) ’PO n— O| ‘PO n— O| ‘POV] n— 0‘ |PO n— 0)’ !
PO, (n=0)|PO, (n=0)[ |PO, (n-0)|.|PO,., (n-0)| |PO, (n-0)
PO, (n-0 ‘PO1 n—O‘ ‘PO2 11—0‘ ""PON—] n—-0 | |PON (n-0 )|]

PO, (n-0 ‘PO (n-0 ‘ ‘PO n-0 ‘ |POV (n-0 | |PO n— O)l
PO, (n-0) |PO n—0 ‘ ‘PO n—0 ‘ ‘POV] n—0) | |PO n— O)‘
PO, (n-0 ‘PO (n-0 ‘ ‘PO n—-0 ‘ ‘POV] (n— O‘ ‘PO (n— 0)|

PO =010, (-0 0,00 [0, (-0 0, (n-o)
PO, (n- I‘PO n— IHPO n— 1| ‘POV]n 1||PO n— 1)’

PO, (n —1)‘PO1 (n-1 ‘

‘PO‘Vl (n— I‘LNI ‘PO (n— 1)‘ !
PO, ( ‘PO (n— 2‘ ‘PO n— 2‘ ‘POV] (n— 2‘ ‘PO (n— 2)’

_POnM|POnM| |P

T PO (n=M) T PO, (n=M) T

In order to solve above technical problem, the present invention also provides a method for

pre-distorting, and the method comprising:

a plurality of baseband input signals being pre-distorted by an equal number of pre-
5  distortion functions to obtain equal number of pre-distorted signal respectively, wherein all of
the baseband input signals input into every pre-distortion function, and each pre-distortion

function has one output;
the pre-distorted signals being combined into one signal;
the combined signal being amplified by a power amplifier (PA),

10 wherein the cascade of the pre-distortion functions and the PA are linear overall.

10
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After the step of a plurality of baseband input signals being pre-distorted by an equal

number of pre-distortion functions, the method further comprising:

the pre-distorted signal of each pre-distortion function being frequency shifting, wherein a
center frequency of the pre-distorted signal of each pre-distortion function is shifted to a

transmitting carrier frequency.

After the step of the combined signal being power amplified by a PA, the method further

comprising;

the output signal of the PA passing through a bandpass filter which filters out harmonics of

said carrier frequencies introduced by the PA,
and the bandpass filter transmitting the filtered signal;

wherein the cascade of the pre-distortion functions, the PA and the bandpass filter are linear

overall.

Wherein in the step of a plurality of baseband input signals being pre-distorted by an equal

number of pre-distortion functions, the pre-distortion functions are

M, -1L,-1L ,-1 L -1

=Y 3 3. Z st BB (= BB (n = j)"

J=0 k=0 k=0 k=8

2 (” - J')rcZ ~~~|BBN (” - j)|kN

Wherein
11s between 1 and N, and N is equal to the number of the baseband input signals;

M, represents the memory depth of the PA, L., , L., ..., L,y represent the nonlinearity

2

length and the interband crosscorrelation degree of the pre-distortion function, and values used

form, L, L, . andl,y varybased onthe PA;

coefficients 4, ,, , , are chosen such that the cascade of the MIMO pre-distortion

function, and the PA will be linear overall,
BB, are baseband input signals, and PD, are the pre-distorted signals.

Wherein the coefficients 4, ;, , , are obtained by solving:

My=1Liy L -1 Lyl

PDm=Y3> .3 h it i, PO (n= PO, (n— j)"|PO, (n— j)*..|PO, (n— j}™

J=0 k=8 k=0  ky=0

11
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wherein PO, are captured signals of the pre-distorted signals, which are captured from the

output of the PA.
Wherein a way of obtaining the captured signals of the pre-distorted signals comprises:

a plurality of bandpass filters filtering a signal output from the PA, wherein the number of

the bandpass filiters is equal to the number of the baseband input signals; and

frequency shifting the output signals of each bandpass filters respectively to obtain captured

signals PO, , wherein the center frequency of each frequency shifted signal is zero.

~ -1
Wherein least squares minimization 4 =(H, H,.) Hp, are used to solve the Eq.4to

obtain the valuesof A ,, , , ,

wherein
hi,0,0 0,0
hi,O,O,...,O,LiYN—l
1,0,0,....1,0
hi,0,0,...,l,Lin—l
h = ; ,
1,0,0,... L ng=1,0
hi,O,O,...,Lin,l—1,L1-7N—1
hi 1,0,..,0,0
PD,(1)
Ps=| PD,(2) |, ;
BYAR AT N AN DA

H, is a matrix, and elements in the matrix are expressed as

PO, (n-j)|PO, (n—j)|k1 PO, (n—j)|k2 -|po, (n—j)|ki .|POy (n—j)|kN, and row n in the matrix

is expressed as:
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[ |

PO, (n-0)|PO, (n-0)' |PO, (n-0)["..|PO, , (n-0)[' [PO, (n-0)
PO, (n—O)|PO1 (n—0)|. |P02(n— | ...‘PON_1 n-0 | ‘PON (n- )|1

Pono|P0no]|P0no] PO, (n-0)'|PO, (n—0)**
PO, (n-0)|PO, (n-0)['|PO, (n-0)" ..|PO,_, (n-0)| |PO, (n-0)
PO, (n-0)|PO, (n-0)[' |PO, (n-0)["...|PO,._, (n-0)| [PO, (n-0)|

L -1

PO, (n-0)|PO, (n-0)[' |PO, (n- o\ |PO,._, (n-0) |PO, (n-0)
PO, (n-0)|PO, (n-0)[' |PO, (n-0)["..|PO,_, (n-0)[ |PO, (n-0)"
PO, (n=0)|PO, (n=0)['|PO, (n-0)"..|PO,., (n—0)[ |PO, (n—0)|

Ly-1

. |PO (n-0)"7|PO, (n-0)

PO, (n-0)|PO, (n- 0]

PO, (n-1)|PO, (n- IHPO (n- 1] PO, (n=1)|PO, (n-1)[

)7 PO, (n=1)[" [POy (n-1)[ "

PO, (n-1)|PO, (n=1)"" |PO, (
PO, (n=2)|PO, (n=2)['|PO, (n=2)[".|PO,. (n-2)' |PO, (n-2)f

A

PO, (n-M,)|PO, (n-M,)|*" PO, (n—p,)[™

PO (n-M)|

Wherein in the step of a plurality of baseband input signals being pre-distorted by an equal

number of pre-distortion functions,

initially, A

1,

0.00..0 are setto 1 and all other values for 4, , , are set to zero;

and when coefficients 4 ,, , , are obtained by solving the above equation, the method

further comprises: updating with the obtained %, ,, , .

The method further comprises:
recalculating coefficients 4, ;, , , by solving equation Eq.4 at a plurality of times or at a
period; and

updating old coefficients %, , , with the recalculated coefficients 4, , ,
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The present invention pre-distorts the complex baseband signals input into the multiband
pre-distorter instead of pre-distorting a frequency shifted signal, so the sampling rate of the
present invention does not depend on Bgcadgspace at all. This means that regardless of whether the
two bands are separated by 100 MHz or 1 GHz, the implementation cost of the present
invention remains constant. Therefore, the present invention reduces the implementation cost of

a pre-distorer, and the implementation cost in the present invention does depend on Bgcagspace-

Brief Description of Drawings
FIG1 is a sketch map of a Dual band digital pre-distortion system in the prior art;
FIG2 is a figure for visual description of the occupied bandwidth;

FIG3 is a sketch map of the architecture of the multiband pre-distorter according to an

example of the present invention

FIG 4 is a sketch map of a multiband pre-distorter according to an example of the present

invention

Preferred Embodiments of the Present Invention

The main technical scheme of the present invention is: A plurality of baseband input signals
is pre-distorted by an equal number of pre-distortion functions respectively, wherein all of the
baseband input signals are input into each pre-distortion function, and each pre-distortion
function has one output; the pre-distorted signals are combined into one signal; the combined
signal is then power amplified by a PA, and then the PA transmits the processed signal, wherein
the cascade of the pre-distortion function and the PA are linear overall, wherein the number of

the pre-distortion functions is equal to the number of the baseband input signals.

This invention disclosure will describe the examples of the present invention with reference
to figures. It should be noted that the examples and the features of the examples can be

combined arbitrarily without a conflict.

One example of the present invention provides a pre-distorter, which comprises:
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a pre-distortion module, which is configured to pre-distort a plurality of baseband input
signals by an equal number of pre-distortion functions to obtain equal number of pre-distorted
signals respectively, wherein all of the baseband input signals are input into every pre-distortion

function, and each pre-distortion function has one output;

an adder, which is configured to combine all of the pre-distorted signals output from every

pre-distortion function into one combined signal; and
a power amplifier (PA), which is configure to amplify the combined signal,
wherein the cascade of the pre-distortion functions and the PA are linear overall.
Wherein

the pre-distortion module is a multiple input multiple output (MIMO) pre-distortion module,
wherein the number of inputs and outputs of the pre-distortion module are equal to the number

of baseband input signals, and each output corresponds to one pre-distortion function;
or

the pre-distortion module includes a plurality of pre-distortion units, wherein all of the
baseband input signals input into each pre-distortion unit, and each pre-distortion unit

corresponds to one pre-distortion function and has one output.
The pre-distorter further comprises:

a frequency shifting module, which is configured to frequency shift the output of each pre-
distortion function, wherein a center frequency of the output of each pre-distortion function is

shifted to a transmitting carrier frequency.
Wherein the frequency shifting module comprises a plurality of frequency shifters, wherein

each output of pre-distortion module is connected to one or more cascaded frequency
shifters, and all frequency shifters shift the center frequency of the output of each pre-distortion

function to a transmitting carrier frequency finally; or

each output of pre-distortion module is connected to one or more cascaded frequency
shifters, which shift the center frequency of the output of each pre-distortion function to an

intermediary frequency finally, and the outputs of the frequency shifters are connected to the
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adder, and output of the adder connects one or more cascaded frequency shifters, which shift

the center frequency of the output of the adder to transmitting carrier frequencies; or

each output of pre-distortion module is connected to one or more cascaded frequency
shifters, which shift the center frequency of the output of each pre-distortion function to an
intermediary frequency finally, and the outputs of the frequency shifters are connected to the
adder, and output of the adder is connected to one or more cascaded frequency shifters, which

shift the center frequency of the output of the adder to transmitting carrier frequencies; or

F outputs of pre-distortion module is connected to one or more cascaded frequency shifters,
which shift the center frequency of the output of the pre-distortion function to an intermediary
frequency finally, F equal to the number of baseband input signals minus 1, and the outputs of
the frequency shifters are connected to the adder, and output of the adder is connected to one or
more cascaded frequency shifters, which shift the center frequency of the output of the adder to

transmitting carrier frequencies.
The pre-distorter further comprises:

a bandpass filter, which is configured to connect with a output of the PA, and filter out

harmonics of said carrier frequencies introduced by the PA, and transmit the filtered signal;

wherein the cascade of the pre-distortion functions, the PA and the bandpass filter are linear
overall.

Wherein the pre-distortion functions are

MAL-A L=l Ly

M= 3h,, .. .BBn-j)BB(n- ;) |BB,(n-j)|*..|BB, (n—j)*" .

J=8 k=0/,=8  ky=0

Wherein
iis between 1 and N, and N is equal to the number of the baseband input signals;

M represents the memory depth of the PA, L;, L,,..., Lx.; represent the nonlinearity length
and the interband crosscorrelation degree of the pre-distortion function, and values used for M,

Ly, Ly,..., and Lx.; vary based on the PA;
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coefficients 4, , , are chosen such that the cascade of the MIMO pre-distortion

function, and the PA will be linear overall;
BB, are baseband input signals, and PD, are the pre-distorted signals.

Wherein the coefficients 4, ,, , , are obtained by solving:
B LS LSS 5 53

M-1L-1 L=l Ly

PDmM=333 .Yk, . PO(n-j|PO,(n-j)'|PO,(n-j)*.|PO,(n— j}*
=0 k=0ky=0 kp=0
in this situation, the values of M, L;, L,...Ly are the same for different i, wherein PO, are

captured signals of the pre-distorted signals, which are captured from the output of the PA.

Wherein the pre-distortion functions are

M, lL —lL ,—1

PD(n)—ZZZ Z ST ' (n— ]|BBn ])

(n—
=0 k=0 k, k=0
and in this 51tuat10n, the Values of M, Li,l, Li»,...Lixmay be different for different i.

J) R NCES)

Wherein
iis between 1 and N, and N is equal to the number of the baseband input signals;

M, represents the memory depth of the PA, L, , L., ..., L,y represent the nonlinearity
length and the interband crosscorrelation degree of the pre-distortion function, and values used

forM L, L, .., andL,y vary based onthe PA;

coefficients /#,, , , are chosen such that the cascade of the MIMO pre-distortion

function, and the PA will be linear overall;
BB, are baseband input signals, and PD, are the pre-distorted signals.
Or

the coefficients 4, , , are obtained by solving:

M= A -1 Ll

o= §55 Sk POl NP0 - PO 0,05

=8 }g=0 ky=0  ky=9
this situation, the values of M, L, Li,z, ...Linare the same or different for different i,

wherein PO, are captured signals of the pre-distorted signals, which are captured from the

output of the PA.

The pre-distorter further comprises:
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a plurality of bandpass filters, which are configured to filter a signal output from the PA,

wherein the number of the bandpass filiters is equal to the number of the baseband input signals;

a plurality of frequency shifters, which are configured to shift the output signals of each
bandpass filters respectively to obtain captured signals PO,, wherein the center frequency of
each frequency shifted signal is zero, and the number of the bandpass filiters is equal to the

number of the baseband input signals;

a capture buffer, which is configured to obtain £D, and PO,, and output the obtained
PD,and PO, to a digital data processor (DSP), and the number of inputs of the capture buffer

equals to twice of the number of the baseband input signals; and

a DSP, which is configured to calculate coefficients 4, ,, , , by solving above equations,

and output the calculated coefficients 4, ;, , , to the pre-distortion module.

. . . . . . - _1 >
Wherein the DSP is configured to use least squares minimization A, = (H "H i) HYp, to
solve the equation

ML= L1 Ly,

PDM=33>.>h . \(n— jJPO,(n— j)'|PO,(n~ j)*..1PO, (n— j)*™

J= k=0 k=0 k=0

or

ML 1Lyl Lyl
PD.(n)= ZZZ Zhljkl’w  (n— JIPO, (n—- ]||P0n ]| PO, (n- ])|

=0 k=0 k=0 ky=0
to obtain the values of 7, ks

wherein
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>

1,0,0, 1. Lpy—1

=
I

S

1,0.0,...Ly1-10

>

1,00, L1 —1.Ly—1

PD,()
Ba=| PDQ)|, ;

RSN AN SRR

and H, is a matrix, and elements in the matrix are expressed as
PO, (n—j)’PO,, (n—j)‘k' ’PO1 (n—j)‘k2 ...’PO,. (n—j)‘k' ...’PON (n—j)‘kN, and row n of H; can be

described as:
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PO n-— M |PO n— M| |PO n— |

PO,(n—-0)PO,(n- o)'|PO, (n- o) ..|POy_,(n- o)'|PO, (n- o)
PO.(n- 0)|POl (n— O)r |PO2 (n— O)]' . .IPON_1 (n— 0)|° |PON (n— 0)|1

PO.(n-0 |PO n— 0| |PO - 0| IPON N O| IPO n— O)|L”
PO,(n-0)PO,(n-0)'|PO,(n-0)'..|PO,_,(n-0) |PO, (n-0)’
PO,(n-0)PO,(n-0)'|PO,(n-0)'..|PO,_,(n—-0) |PO, (n- o)

PO,(n—0)PO, (n—0)'|PO,(n-0 | PO, (n=0)|PO, (n—0)™"
PO,(n—0)PO,(n-0)'|PO,(n-0)"..|PO,_,(n—0)'|PO, (n-0)’
PO, (n-0) |PO n— 0| |PO n— 0| |PON = O| |PO n— O)|

PO,(n—=0)PO, (n- o) |PO, (n- 0| POy (n— )™ PO, (n- o)™
PO,(n-1)PO,(n- 1)'|PO, (n—- l| POy (n- 1)'|PO, (n- 1)

PO,(n=1)PO,(n- | |PO n— 1| PO (n=1) |PO n— 1)|L”
PO,(11—2)|P n— 2)| |PO n— 2| |PON1n 2||PO n— 2)|

,-1 B .|PON_1 (}l . Ml. )II_AH -1 |P0N (n —MI HLN_I

or
[~ ~ T
5,0,0,..,0,0
.0,0,...0,I, -1
hi,0,0,...,l,O
//li,o,o,...,l,L,,N—l
;= ~
hi,O,O,...,L,)N,l—l,O
hi,O,O,...,Li,N,l—l,Lin—l
51,0,..,0,0
PD()
p.=|PD(2 »
Pa ’( )| hi,}\li—1,Li,1—1,...,Lin71—1,Li,N—1_
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expressed as

PO, (n-j)|PO, (n—j)‘k' PO, (n—j)lk2 -|Po, (n—j)’k’ |POy (n—j)|kN, and row n in the matrix

is expressed as:

_POnM|P0nM|

PO, (n—O)‘PO1 (n—O)‘O |PO2 (n— | |POV] | ’PO )|O
PO, (n—O)‘PO1 (11—0)‘0 ‘POZ(H— ‘ ...|POA\,_1 (n—0 ‘ |PON n—O)’]

PO, (n- 0’PO n— OHPO (n— 0‘ ‘POVln 0||PO (n— O)’

PO, (n-0) |PO n— 0‘ ‘PO (n— 0‘ ‘POV1 (n— OHPO )|O
PO, (n-0 ‘PO1 n—0| ‘PO2 n—O‘ ...‘PO‘V_1 n-0 | ’PO‘V (n-0 )’]

PO, (n— O‘PO (n— 0‘ ‘PO n- 0‘ ‘PO‘Vl h= OHPO (n- O)|L)N_1

PO, (n- O‘PO n- OHPO n— 0‘ ‘POVln OHPO n— O)|
PO, (n- O‘PO n— OHPO n— 0‘ |PO\,171 OHPO n— 0)|

PO,(n-0 ‘PO n- 0‘ ‘PO n— 0‘ ‘POVI n— O‘L'“ |PO (n— 0)|L"N_1

PO, (n- 1‘PO (n— 1HPO n— 1| ‘POVln 1||PO n— 1)’

PO, (n —1)‘PO1 (n—1 ‘

PO, (n=2)|PO, (n-2)[ \Po n- 2\ PO, (n=2) |POy (n-2)

‘POV] (n— I‘LNI ‘PO (n— l)l

T PO (n=M) T PO, (n=M, )T

Another example of the present invention provides a method for pre-distorting, and the

method comprises:

a plurality of baseband input signals being pre-distorted by an equal number of pre-

distortion functions to obtain equal number of pre-distorted signal respectively, wherein all of

the baseband input signals input into every pre-distortion function, and each pre-distortion

function has one output;

the pre-distorted signals being combined into one signal;
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the combined signal being amplified by a power amplifier (PA),
wherein the cascade of the pre-distortion functions and the PA are linear overall.

After the step of a plurality of baseband input signals being pre-distorted by an equal

number of pre-distortion functions, the method further comprises:

the pre-distorted signal of each pre-distortion function being frequency shifted, wherein a
center frequency of the pre-distorted signal of each pre-distortion function is shifted to a

transmitting carrier frequency.

After the step of the combined signal being power amplified by a PA, the method further

comprises:

the output signal of the PA passing through a bandpass filter which filters out harmonics of

said carrier frequencies introduced by the PA,
and the bandpass filter transmitting the filtered signal,

wherein the cascade of the pre-distortion functions, the PA and the bandpass filter are linear

overall.

Below the present invention will be described in detail by presenting particular examples.

This example will describe two baseband input signals as an example, but the present
invention is not limited to two baseband input signals. The architecture of the multiband digital
pre-distorter (dual band digital pre-distorter in this example) according to this example is shown
in FIG 3. The baseband signals BB; 301 and BB, 302 are centered at OHz and have bandwidths
B, and B, respectively. The intent of the multiband digital pre-distorter is that BB; 301 and BB,
302 appear on the output of the PA 308 centered at f; and f.; respectively. Without loss of
generality, the discussion here will assume that both signals BB; 301 and BB, 302 are sampled
at a rate of f; and that f.;<f.,. Further restrictions on the sampling rate f; will be presented later

in this application.

Baseband signals BB; 301 and BB, 302 are sent into a multiple input multiple output

(MIMO) pre-distortion module 307 to produce signals PD; and PD,, and the MIMO pre-
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distortion module 307 processes baseband signals BB; 301 and BB, 302 with a MIMO pre-
distortion function. Signals PD; and PD, are sent into frequency shifters 303 and 304 which
shift the frequency of the signals PD; and PD; to f; and f, respectively. Then these shifted
signals are combined by an adder 305. Wherein the MIMO pre-distortion function includes at
least two pre-distortion functions, and each pre-distortion function has two inputs and one
output. The number of the inputs for each pre-distortion function is equal to the number of the
baseband signals input into the multiband digital pre-distorter, and the number of the pre-
distortion functions is equal to the number of the baseband signals input into the multiband

digital pre-distorter.

Preferably, the combined signal is forwarded to a final frequency shifter 306 which shifts
the combined frequency by f,,. It should be clear that fi+f,=f;; and f;+f,=f,. Also, f-f.;=f-f}.
Below the situation to be described is one in which the combined signal is forwarded to a final

frequency shifter 306.

If there is the final frequency shifter 306 in the multiband digital pre-distorter, the output of
the final frequency shifter 306 is sent to a power amplifier (PA) 308; or if there is no final
frequency shifter 300, the output of the adder 305 is sent directly to a power amplifier (PA) 308.

The PA 308 produces the final signal which will be transmitted.

The PA 308 is typically a low efficiency device and one method that can be used to improve
its efficiency is to drive it into its nonlinear region. The problem is that the more the PA is

driven into its nonlinear region, the higher the amount of distortion is introduced by the PA.

The output of the PA 308 is connected to a bandpass filter BPF3 317 which filters out
harmonics of the carrier frequencies f.; and f,. As known to someone skilled in the art, if a
non-linear PA is presented with a signal centered at f;; and f.,, the output of the PA will contain
desired signals at f;; and f,, but it will also contain energy at frequencies f.;-(fo-fc1) and
fo+(fia-fe1). Stated in general terms, BPF; 317 will remove the distortion products introduced
by the PA 308 far away from the transmission carrier frequencies f.; and f., whereas the rest of
the application will remove the distortion products introduced by the PA 308 nearby and on top

of the carrier frequencies.
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The goal of the MIMO pre-distortion function (which is also a non-linear function) is to
produce signals PD; and PD, sent to the PA 308 such that the output of the BPF3 317 only
contains signals BB; 301 and BB, 302 centered at frequencies f.; and f,. No system is perfect
and the output of the BPF; 317 in this example will also contain some distortions, but the
MIMO pre-distortion function in this example attempts to minimize these distortions as much
as possible. Although the MIMO pre-distortion function and the PA 308 are individually non-
linear, the cascade of the MIMO pre-distortion function, the PA 308, and BPF3 317 produces a

system that is linear overall.

Although many functions can be used for the MIMO pre-distortion function, one two-input
two-output pre-distortion function that can be used for the MIMO pre-distortion function in this

example is given in equations Eq 15 and Eq 16:

M-1L-1 L1

Eqls  PD()=2 % > h,,, BB (n—j)|BB(n-j)'|BB,(n-j)"
=0 k=8 k,=0
Ly , A\ ks
Eql6 PDz (n) = Z Z th,j,kl,szBz (I’l - ])'BBl (n _J)| l |BB2 (n - ])| i
=8 k=0 i, =0

Wherein, M represents the memory depth of the PA 308. That is, the PA’s 308 output is
considered to be a function of the current input sample and the previous M-1 input samples. L,
and L, represent the nonlinearity length and the interband crosscorrelation degree of the MIMO
pre-distortion model. The actual values used for M, L,, and L, will vary based on the actual PA
308 that is used but typically, M will be a rather small number typically between 1 and 6. The
values of L; and L, will be slightly larger than M and typically between 3 and 15. The
coefficients A, , and A, ,, , are chosen such that the cascade of the MIMO pre-distortion
function 307, the PA 308, and BPF3 317 will be linear overall. And each equation such as Eq 15

and Eq 16 is called a pre-distortion function.

Notably, different values or the same value for M, L;, or L, can be used for each pre-
distortion function, such as the value of M in Eq 15 and Eq 16 can be equal or not. Similarly,

the value of L; or L, in Eq 15 need not be the same as the value of L; or L in Eq 16.
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One method used to calculate the coefficients 4, ,, , and h, , , is to adapt the indirect
learning architecture described in the “Background” section in this application into a MIMO
indirect learning architecture. The concept of the MIMO indirect learning architecture is that a
model is created which models the inputs of the PA 308 based on the outputs of the PA 308.
Once such a model is created, the model is used directly as the pre-distortion function. In this
example, the model has two inputs and two outputs, and the model is implemented using two
pre-distortion functions and each function has two inputs, but each pre-distortion function
produces two outputs that are not related to each other. Each individual output is dependent on

all the inputs, and each output is a function of all the inputs.

In one example, this model is created by capturing the samples of several signals using a
MIMO capture buffer 309. The number of samples required to be captured by the MIMO
capture buffer 309 varies based on the PA 308 and the type of signals to be transmitted, but
typically, between 2000 and 10000 samples of each signal coming into the MIMO capture

buffer 309 will need to be captured.

Two of the signals recorded by the MIMO capture buffer 309 in this example are PD; and
PD,, which are produced by the multiple input multiple output (MIMO) pre-distortion module
307. The other two signals recorded by the MIMO capture buffer 309 are derived from a signal
output from a coupler 310 which extracts a small portion (typically less than 1% of the PA
output power) of the signal output from the PA 308. The key property of the coupler 310 is that
it produces a signal which is an accurate representation of the actual output of the PA 308. The
output of the coupler 310 is connected to a frequency shifter 311 which shifts the signal down

by f, Hz.

The output of the frequency shifter 311 is connected to two bandpass filters BPF; 312 and
BPF, 313 respectively. These bandpass filters BPF; 312 and BPF, 313 are centered at
frequencies f; and f;, respectively. The bandwidths of these bandpass filters vary based on the
PA 308 and the types of signals transmitted by the PA 308. A rule of thumb is that typically, the
bandwidths of these bandpass filters BPF; 312 and BPF, 313 need to be 3-6 times the
bandwidths B; and B, of the corresponding signals. For example, the bandwidth of BPF; 312

typically needs to be between 3B; and 6B;. To simplify the discussion in this application, the

25

Exhibit 1005
Nokia of America Corporation, et al. v. Smart RF Inc.
Page 000027



WO 2012/129768 PCT/CN2011/072219

bandwidth requirement of the bandpass filters BPF; 312 and BPF; 313 will be assumed to be 6
times the bandwidths of the corresponding signal being transmitted, as shown in Eq 17 and Eq
18.

Eql7  Bandwidth(BPF,)=6B,

5 Eq18  Bandwidth(BPF,)=6B,

The outputs of BPF; 312 and BPF; 313 are sent into two frequency shifters 314 and 315,
which shift the signals down by f; and f;, respectively, to produce signals PO; and PO,
respectively. The outputs from these frequency shifters 314 and 315 are captured by the MIMO

capture buffer 309.

10 The capture buffer is typically controlled by a Digital Signal Processor (DSP) 316 which,
through the use of a trigger signal, indicates when the capture buffer should begin capturing
data. Once the capture buffer receives a trigger signal, it begins to capture data until the
memory of the capture buffer has been completely filled. All possible triggering methods can be

used, and the present invention is not limited to any one particular triggering method.

15 Typically, a DSP 316 is used to read out the values captured in the MIMO capture buffer
309 and based on the captured values PD;, PD,, PO; and PO,, the following equations Eq 19
and Eq 20 are solved by the DSP 316 using least squares minimization to obtain the values of

A

hl,j,kl,kl and hZ,j,kl,kz'

M-1L=1Ly-1 ]
Eq 19 PD](”) = Z Z Zh],j,kl,kzpol (n - ijOI (n _jjkl |P02 (n - j)rz
J=0 k1 =0k, =0
M-1Li—1Ly -1 " i
20 Eq20  PD,(m)=>.>">h,,, .. PO,(n—jIPO,(n-j)'|PO,(n - j)*
=0k =0k, =0

Specifically, the above equations Eq 19 and Eq 20 can be expressed using matrix arithmetic

as Eq 21 and Eq 22:

Eq21 ﬁdl =H1}_i1
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Eq22  p,, =H,h,
Wherein

PD,()
Eq23 p,, =|PD,2)|, ae{l2}

>

ha,l,le—l

~

h

7010

Eq24 h, = , ae{l2}

ha,l,Ll—l,Ll A1

h

7100

A

_ha,M—l,Ll—l,Ll—l i

5 The matrix H; can be constructed column-wise by examining the f)] vector. For example, if

the 16" row of A contains A, then the 16™ column of H; contains elements shown in Eq 25:

abco

- PO,(1-a)Po,(1-a) |PO, (1 -a)
PO,(2-a)PoO,(2-a)|PO,(2-a)
PO,(3-a)PO,(3-a)'|PO,(3-a)

c

Eq25

Thus, all columns of H; can be constructed by examining the rows of l;l .

The H; matrix can be constructed column-wise by examining the I;Z vector. For example, if

th

10 the 16" row of I;Z contains };2),),3)0, then the 16~ column of H, contains elements shown in Eq

26:

c

i PO,(1- a)|PO1 (1- a)‘b |PO2 (1-a)
PO, (2-a)Po,(2-a)’|PO,(2-a)
PO,(3-a)Po,(3-a)’|PO,(3-a)’

N

Eq26
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Thus, all columns of H2 can be constructed by examining the rows of h, .

The least squares solution to the overdetermined equations above is expressed in equations

Eq 27 and Eq 28:
— —1 N
Eq27 A :(HlHH1) Haldl

. . R
Eq 28 hz:(Hsz) prdz

Therefore, the DSP 316 can obtain the values of /;U’kl:kz and ;’Z,M,kz by solving the

equations Eq 27 and Eq 28.

It should be clear to one skilled in the art that although this application describes a specific
method to construct the p, , H,, and Ea vectors and matrices (a is either 1 or 2), an vast
number of variations are possible that do not depart from the scope of this application. For
example, any two rows of p, can be exchanged as long as the same rows of H, are
exchanged. Furthermore, any two columns (j and k) of A can be exchanged as long as the

same rows (j and k) of l;a are exchanged.

The general operation of the multiband digital pre-distorter is that when the multiband
digital pre-distorter is first turned on, initially, h; ¢ee and heee will both be set to 1 and all

will be set to zero. When some samples are captured by the

abc

other values for l;l,a,b,c and f12
MIMO capture buffer 309, the samples are analyzed by the DSP so as to produce the vectors }7]
and Ez and all of values in /;1, i, and le jmr, - After these values have been calculated, the
DSP transmits these values to the MIMO pre-distortion module and all of the hjjyix and
hy 142 values of the MIMO pre-distortion function in the MIMO pre-distortion module will be

simultaneously updated and replaced with the };]’ jmr, and /;z jmx, values.

The process of capturing data, performing calculations, and finally updating the coefficients
hijxix2 and hyjxix2 can be considered one iteration. Typically, several iterations are performed
so as to reach a final optimal solution. Also, if it is known that the characteristics of the PA will

be changing in time, iterations may be performed continuously.

The sampling rates of the signals input into the MIMO pre-distortion function, signals

output from the MIMO pre-distortion function, and signals coming from the feedback
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frequency shifters (PO;, PO,), are usually the same, which are represented in this application by

a variable f..

According to the pre-distortion functions expressed in Eq 15 and Eq 16, because the signals
BB; 301 and BB; 302 have bandwidths B; and B, respectively, and both signal BB; 301 and
BB, 302 are baseband signals, so the bandwidths of the signal output from the Eq 15 and Eq 16
are equal to lager one of B; and B, which are not a function of Bycadspace. Besides, as the pre-
distortion function in the prior art (such as the dual band digital pre-distortion system shown in
FIG 1), the MIMO pre-distortion function in this example expands the bandwidth of the signal
going through it for the purpose of sufficiently linearizing the PA 308. For example, although
signals BB; 301 and BB, have bandwidths B; and B, respectively, the bandwidth of PD; and
PD, respectively coming out of the MIMO pre-distortion function will be much larger than the
lager one of B; and B,. Although the actual bandwidth of PD; depends on the specific power
amplifier being used and the specific signals being transmitted, typically, this bandwidth will be
about 5 to 7 times the larger one of B; and B,. In order to simplify the description in this

application, it will be assumed that the bandwidth of PD; and PD; will be 7*max(B;,B»).

It has been previously stated that the bandwidth of the PO, and PO, signals will be about
6B, and 6B; respectively. Thus, the maximum bandwidth that must be supported by any of the
baseband signals of interest (signals input into the MIMO pre-distortion function, signals output
from the MIMO pre-distortion function, and signals (PO;, PO;) coming from the feedback
frequency shifters 314 and 315) will be 7*max(B;,B;).

Thus, in the example of the present invention, the minimum sampling frequency of the
system, and the frequency at which the MIMO pre-distortion function will operate, is:

Eq 29 =7*max(B,,B,)

fr,min,invention

As in the prior art, the implementation cost of the invention is dependent on f,

§,min,invention *

The larger f, the higher the implementation cost of the invention.

,min,invention >

One can compare this equation to Eq 14 which is repeated here:

Eq 30 7(Bl + BZ + Bdeadspace)

fr,min, prior _art —
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Because this application pre-distorts the complex baseband signals input into the multiband
pre-distorter instead of pre-distorting a frequency shifted signal (as was done in the prior art), so,
in this example, the sampling rate of the present invention does not depend on Bcadspace at all.
This means that regardless of whether the two bands are separated by 100 MHz or 1 GHz, the

implementation cost of the present invention remains constant.

Although a specific realization of the invention has been described in this application, it
should be clear to an ordinary person skilled in the art that various modifications to the

described invention can be performed while remaining within the spirit of the invention.
Below an example of the present invention will be described with reference to FIG 4.

For example, the example in FIG 3 of the invention does not explicitly indicate where the
digital to analog boundary will appear. The bold dotted line in FIG 4 represents one example of
where this boundary may be placed. The bold dotted line represents the boundary between the
digital domain and the analog domain in the multiband pre-distorter. Entities and signals to the
left of the bold dotted line are digital and entities and signals to the right are analog. Signal
conversion from the digital to the analog domain can be implemented by a D/A converter and
signal conversion from the analog to the digital domain can be implemented by an A/D
converter. Those skilled in the art will recognize that the digital-analog boundary can be placed

in many different locations.

As another example, the signal upconversion process (namely, shifting the frequency of the
signals PD; and PD; to f; and f;) was illustrated through the use of two cascaded frequency
shifters. The first frequency shifter had a frequency offset of f; or f, (depending on the band),
and the second frequency shifter had an offset of f,. It should be clear to those skilled in the art
that various different frequency shifting architectures are possible, even architectures that use

multiple stages and multiple frequency shifters.

The downconversion process (namely, shifting the frequency of the the output of the
coupler 310) was similarly illustrated through the use of two cascaded frequency shifters. The
first shifted by —f,, and the second shifted by -f; or -f, (depending on the band). Again, it should
be clear to those skilled in the art that different frequency conversion architectures are possible,

even architectures that use multiple stages and multiple frequency shifters.
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Another example is that the preferred embodiment assumes that the propagation delay
through any one element in the chain is 0. This was done to simplify the description of the
invention. It should be clear to one skilled in the art that a real system will have a non-zero
delay. This delay can be measured and compensated by inserting an equivalent delay on the PD,

and PD; signals as they enter the MIMO capture buffer 309.

Another example 1s that although the invention was described in the context of a multiband
pre-distorter attempting to send two signals on two different frequency bands, the invention can
be easily extended to handle more than two bands. The mvo capture buffer would capture 2N
signals (BB; through BBx and PO, through POx) where N is the number of frequency bands to
be supported. The MIMO pre-distortion function, which was described previously as a two

input two output function would become an N-input N-output function.

Furthermore, BPF3 will again have to filter out harmonics in the output of the PA, but in the
multiband situation, many more harmonics will be present. Specifically, all harmonics at
frequencies f.,+/-(fu-fea) must be filtered out for values of a, b, and d between 1 and N. a, b,
and d must be unique in that a!=b, b!=d, and a!=d. Note that if it is the case that fiat/-(feo-
t.a)=fe., for a, b, and d restricted as before and e is unequal to a, b, and d, then this invention
cannot be used. In other words, if a harmonic product happens to land on top of a desired carrier

frequency, then this invention cannot be used.

Note that in the case when N is 2, it is impossible for a harmonic to land on top of a desired
carrier frequency and hence this invention can always be used. If there are 3 or more bands,
however, the bands must be chosen so that harmonics do not land on top of a desired carrier
frequency.

An example MIMO pre-distortion function that would be valid for N bands is:

ML-11L,-1 Ly

EQ3l PO =3 3 5 D ks, BB(n—j)BB,(n— ) BB, (n = ) BBy (= )
=0

J=0kh=0k,=0 ky=

Wherein i is between 1 and N. As before, M will take on values typically between 0 and 6.
The L;, Ly, ..., Ly values are constants that are determined empirically and will typically be

rather small, between O and 10.
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Again, the coefficients 4, , , can be obtained by solving the following sets of

equations Eq 32, as has been described previously in this application:

M L1101
Eq32 PD,(n)= ZZZ Zhukm 1, PO; (n—Jj |PO n—j | |PO n—j | |PO n— j)l

j=0 k=0 k,=0
5 Another example is that although in Eq 31 and Eq 32 each function had the same M and L

values, it 1s possible to have varying values for each pre-distortion function. For example, it
should be clear to one skilled in the art that the following equations can also be used for a

multiband DPD system:

M, -1L,=1L,-1 L -1

1 PD0)= 3 3 S Sy B 0= B B

j=0 k=0 k,=
ML -0 -1 Liy-1 £ I3 Ak
10 Eq34 PD(m)=Y Y Z D b PO = )IPO (0= ) |PO; (n = ). [PO(n - )|

J=0 k=0 ky=0  kp=0

Industrial Applicability

The present invention pre-distorts the complex baseband signals input into the multiband
pre-distorter instead of pre-distorting a frequency shifted signal, so the sampling rate of the
present invention does not depend on Bgcagspace at all. This means that regardless of whether the

15 two bands are separated by 100 MHz or 1 GHz, the implementation cost of the present
invention remains constant. Therefore, the present invention reduces the implementation cost of

a pre-distorer, and the implementation cost in the present invention does depend on Bgcadspace-
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CLAIM

What is claimed is:

1. A pre-distorter, which comprises:

a pre-distortion module, which is configured to pre-distort a plurality of baseband input
signals by an equal number of pre-distortion functions to obtain equal number of pre-distorted
signals respectively, wherein all of the baseband input signals input into every pre-distortion

function, and each pre-distortion function has one output;

an adder, which is configured to combine all of the pre-distorted signals output from every

pre-distortion functions into one combined signal; and
a power amplifier (PA), which is configure to amplify the combined signal,

wherein the cascade of the pre-distortion functions and the PA are linear overall.

2. The pre-distorter as claimed in claim 1, wherein

the pre-distortion module is a multiple input multiple output (MIMO) pre-distortion module,
wherein the number of inputs and outputs of the pre-distortion module are equal to the number

of baseband input signals, and each output corresponds to one pre-distortion function;
or

the pre-distortion module includes a plurality of pre-distortion units, wherein all of the
baseband input signals input into each pre-distortion unit, and each pre-distortion unit

corresponds to one pre-distortion function and has one output.

3. The pre-distorter as claimed in claim 1, which further comprises:

a frequency shifting module, which is configured to frequency shift the output of each pre-
distortion function, wherein a center frequency of the output of each pre-distortion function is

shifted to a transmitting carrier frequency.

4. The pre-distorter as claimed in claim 3, wherein the frequency shifting module comprises

a plurality of frequency shifters, wherein
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each output of pre-distortion module is connected to one or more cascaded frequency
shifters, and all frequency shifters shift the center frequency of the output of each pre-distortion

function to a transmitting carrier frequency finally; or

each output of pre-distortion module is connected to one or more cascaded frequency
shifters, which shift the center frequency of the output of each pre-distortion function to an
intermediary frequency finally, and the outputs of the frequency shifters are connected to the
adder, and output of the adder connects one or more cascaded frequency shifters, which shift

the center frequency of the output of the adder to transmitting carrier frequencies; or

each output of pre-distortion module is connected to one or more cascaded frequency
shifters, which shift the center frequency of the output of each pre-distortion function to an
intermediary frequency finally, and the outputs of the frequency shifters are connected to the
adder, and output of the adder is connected to one or more cascaded frequency shifters, which

shift the center frequency of the output of the adder to transmitting carrier frequencies; or

F outputs of pre-distortion module is connected to one or more cascaded frequency shifters,
which shift the center frequency of the output of the pre-distortion function to an intermediary
frequency finally, F equal to the number of baseband input signals minus 1, and the outputs of
the frequency shifters are connected to the adder, and output of the adder is connected to one or
more cascaded frequency shifters, which shift the center frequency of the output of the adder to

transmitting carrier frequencies.

5. The pre-distorter as claimed in claim 3, which further comprises:

a bandpass filter, which is configured to connect with a output of the PA, and filter out

harmonics of said carrier frequencies introduced by the PA, and transmit the filtered signal;

wherein the cascade of the pre-distortion functions, the PA and the bandpass filter are linear

overall.

6. The pre-distorter as claimed in claim 3 or 5, wherein the pre-distortion functions are

M, -1L,-1L ,-1

L1 _
Eq.1PD,(n) = Z Z Z Z hz‘,j,kl,kz,___,kNBBz (n _j)‘BBl ("’ _J')|k1

J=8 k=0 E,=0 k=0

BB, (n—j)*..|BBy(n-j)"
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Wherein
i1s between 1 and N, and N is equal to the number of the baseband input signals;

M, represents the memory depth of the PA, L, L., , ... L,y represent the nonlinearity
length and the interband crosscorrelation degree of the pre-distortion function, and values used

forM,, L, L,, . ., andL,y vary based onthe PA;

coefficients A, , , are chosen such that the cascade of the MIMO pre-distortion

function, and the PA will be linear overall,

BB, are baseband input signals, and PD, are the pre-distorted signals.

7. The pre-distorter as claimed in claim 6, wherein the coefficients 4, , , are obtained

by solving:

M;=1L =1L o1 L vl

Eq2PDm=>>3 N h, .., PO,n-j)PO,n-j)|PO,n-j)*..|PO,(n- j}*

J=0 k=0 k=0  ky=0

wherein PO, are captured signals of the pre-distorted signals, which are captured from the

output of the PA.

8. The pre-distorter as claimed in claim 7, which further comprises:

a plurality of bandpass filters, which are configured to filter a signal output from the PA,

wherein the number of the bandpass filters is equal to the number of the baseband input signals;

a plurality of frequency shifters, which are configured to shift the output signals of each
bandpass filters respectively to obtain captured signals PO,, wherein the center frequency of
each frequency shifted signal is zero, and the number of the bandpass filters is equal to the

number of the baseband input signals;

a capture buffer, which is configured to obtain PD, and PO,, and output the obtained
PD,and PO, to a digital data processor (DSP), and the number of inputs of the capture buffer

equals to twice of the number of the baseband input signals; and

a DSP, which is configured to calculate coefficients 4, ,, , , by solving equation Eq.2,

and output the calculated coefficients A

k. iy LO the pre-distortion module.
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9. The pre-distorter as claimed in claim 8, wherein the DSP is configured to use least

> -1 . ~
squares minimization A, = (H,.HH,.) H[ p, to solve the Eq.2 to obtain the values of Bt ks

wherein
1,0,0,...,0,0
hi,O,O,...,O,LiYN—l
1,0,0,....1,0
hi,o,o,...,l,L,.N—l
1 = - 2
hz,O,O,_._,Li!N,l—l 0
hz 0,0, Ly g =LI; =1
hi 1,0,..,0,0
PD,(1)
Ps=| PD,(2) |, ;
i,J\Ji—l,Liyl—l ..... LiYN,l—l,Lin—l_

H, 1s a matrix, and elements in the matrix are expressed as

i

& ...|PO,. (n—j)|ki ...|PON (n—j)|kN, and row n in the matrix

PO, (n-j)|PO, (n-j)[' |PO, (n~ )

1s expressed as:
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PO, (n-0)[PO, (n=0) |PO, (n=0)[ .|POy., (n=0)[ |POy (n-0)
PO, (n—O)‘PO1 (72—0)‘0 ‘PO2 (n-0) ‘ ...‘PO‘V_] (n—0 | |PON 11—0)|1

PO, (n-0) |PO n—0 ‘ ‘PO n—0 ‘ ‘POVI n-0 | |PO h= O)’ .
PO, (n-0) |PO n—0 ‘ |PO n—0 ‘ ‘POV] (=0 ‘ ‘PO n— O)|
PO, (n-0 ‘PO n—0 | |PO n—0 ‘ |POVl n—-0 | ’PO (n— 0)’

PO, (n-0) ‘PO n-0 ‘ ‘PO n-0 ‘ ‘POV 1(n=0 ‘ ‘PO = O)|L)N_1
PO, (n-0) ‘PO n—0 ‘ |PO n—-0 ‘ ‘POV] (=0 ‘ ‘PO n— O)l
PO, (n-0 ‘PO (n—0 ‘ ‘PO n—-0 ‘ ‘POV] (n— O‘ ‘PO n— 0)‘

PO, (n- I‘PO n— IHPO n— 1‘ |POV]n IHPO (n— l)|

PO,.(n—l)‘POl(n ‘ ‘PO (n— 1‘ ‘PO\,1 n— 1‘LN1 ‘PO n- l)|
PO, ( ‘PO n— 2‘ ‘PO n— 2‘ ‘POV] n— 2| |PO n— 2)’

_POnM|P0nM|

10. A method for pre-distorting, and the method comprising:

P0,(n-0 ‘PO (n- 0‘ ‘PO (= 0‘ ‘POVl h= 0|LNl ‘PO n— 0)|L-,N_1

|PON1 (n-M, | e |P0 (n- M)|

w1

a plurality of baseband input signals being pre-distorted by an equal number of pre-

distortion functions to obtain equal number of pre-distorted signal respectively, wherein all of

the baseband input signals input into every pre-distortion function, and each pre-distortion

function has one output;
the pre-distorted signals being combined into one signal;

the combined signal being amplified by a power amplifier (PA),

wherein the cascade of the pre-distortion functions and the PA are linear overall.
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11. The method as claimed in claim 10, after the step of a plurality of baseband input
signals being pre-distorted by an equal number of pre-distortion functions, the method further

comprising:

the pre-distorted signal of each pre-distortion function being frequency shifting, wherein a
center frequency of the pre-distorted signal of each pre-distortion function is shifted to a

transmitting carrier frequency.

12. The method as claimed in claim 11, after the step of the combined signal being power

amplified by a PA, the method further comprising:

the output signal of the PA passing through a bandpass filter which filters out harmonics of

said carrier frequencies introduced by the PA,
and the bandpass filter transmitting the filtered signal,

wherein the cascade of the pre-distortion functions, the PA and the bandpass filter are linear

overall.

13. The method as claimed in claim 11 or 12, wherein in the step of a plurality of baseband
input signals being pre-distorted by an equal number of pre-distortion functions, the pre-

distortion functions are

M 1L, =1L ,-1 L -1

Eq.3PD,(n)= Z Z Z Z hz‘,j,kl,kz,...,kNBBz (n _.j)|BBl (n _J.)|k1

J=0 k=8 k=0 k=0

BB, (n— j)"..|BBy(n - j)f"

Wherein
iis between 1 and N, and N is equal to the number of the baseband input signals;

M, represents the memory depth of the PA, L, L., ..., L,y represent the nonlinearity
length and the interband crosscorrelation degree of the pre-distortion function, and values used

formM,, L, L, ., andl,y vary based onthe PA;

coefficients %, ,, , , are chosen such that the cascade of the MIMO pre-distortion

function, and the PA will be linear overall,

BB, are baseband input signals, and PD), are the pre-distorted signals.
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14. The method as claimed in claim 13, wherein the coefficients /,;, , , are obtained by

solving:

M= AL =1 Lyl

E@4PD(m=>33 . % ﬁ,,].,kl)kz’__:kNPOi (n—j)PO,(n-j)"|PO,(n— j)*..|PO, (n— j)™

J=8 k=8 k=0 k=9

wherein PQ), are captured signals of the pre-distorted signals, which are captured from the

output of the PA.

15. The method as claimed in claim 14, wherein a way of obtaining the captured signals of

the pre-distorted signals comprises:

a plurality of bandpass filters filtering a signal output from the PA, wherein the number of

the bandpass filters is equal to the number of the baseband input signals; and

frequency shifting the output signals of each bandpass filters respectively to obtain captured

signals PO, , wherein the center frequency of each frequency shifted signal is zero.

16. The method as claimed in claim 14, wherein least squares minimization

/;i = (H "H, )_1 H p,are used to solve the Eq.4to obtain the values of h

i,k ks k0

wherein
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PD,()
ﬁdi = Pl)z(z) »

H is a

1

PO, (n—j)’PO,. (n—j)‘k' ’POI (n—j)‘k2 .‘.’POI, (n—j)

is expressed as:

=~

A

matrix, and

S

,0,0,...,0,0

S

1,0,0,..0.1; -1

S

1,0,0,....,1,0

S

1,0,0,..,1,1; -1

R

1,0,0,... 1 yy=1,0

S

1,0,0,.,L; 3y —1,L; y—1

>

hi,J\/Ii—l,Liyl—l ..... Liya—LLy-1

elements

in

40
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...’PO‘V (n— j)‘kN , and row n in the matrix
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i PO, (n=0)|P0, (n-0)['|PO, (n-0)[ .. \PoVl o) |Po, (n-0)
PO, (n=0)|P0, (n-0)['|PO, (n=0)[ ..|PO,._, (n-0)[' [PO, (n-0)|
PO, (n—0 |PO n-— O‘ |PO n-— 0‘ |PO\,1 n-0 ‘ ‘PO n— 0)‘ e

PO, (n-0)|PO, (n-0)['|PO, (n-0)[".|PO_, (n-0)| [PO, (n-0)f

PO, (n-0)|PO, (n-0)[" |PO, (n-0)["...|PO,._, (n-0)| |PO, (n-0)|

PO, (n-0 ‘PO n- O||PO (n— O| |PON1 (n— OHPO (n— O)|

PO, ( |PO n-— 0| |PO n-0 | |PON1 (n—0 | ’PON n—O)‘.
PO, (n-0)|PO, (n-0)['|PO, (n-0)["..|PO,, (n-0)[ |PO,, (n-0)|
PO, (n-0)|PO, (n-0)f*" " POy, (n=-0)" PO, (n-0)[”

PO, (n-1)|PO, (n-1)[ |Po2 (n-1)..|PO,_ (n-1 \ PO, (n-1)

)7 PO, (n-1)

PO, (n-1)|PO, (n-1)["" |PO, (n-1) PO, (n-1)[
POI,(n—Z)’PO1 (n—2)‘. |P02(n— | ‘POVI n— ‘ |PO 11—2)‘
_POI' (n_Mi)|P01 (n—M | |PON1 n -M, |LN1 1|PO n ]\/[)|LW_1

17. The method as claimed in claim 16, wherein in the step of a plurality of baseband input

signals being pre-distorted by an equal number of pre-distortion functions,

initially, /., , are setto 1 and all other values for 4, ,, , , are setto zero;

and when coefficients 4, . , are obtained by solvmg the Eq.4, the method further
ok

comprises: updating with the obtained 4, ,

18. The method as claimed in claim 17, the method further comprises:
recalculating coefficients 4, ,, , , by solving equation Eq.4 at a plurality of times or at a
period; and

updating old coefficients 4, , , with the recalculated coefficients 4, ,
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