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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 amplify 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 BB1 101 and BB2 102 are centered at 0Hz and have a bandwidth of 

10 B1 and B2 respectively. The intent of the DB-DPD system is that BB1 and BB2 will appear on 

the power amplifier's output centered at frequencies fc1 and fc2 respectively. 

Signals BB1 101 and BB2 102 are sent into frequency shifters 103 and 104 respectively, and 

the frequency shifters 103 and 104 shift the frequencies of the signals BB1 101 and BB2 102 to 

f1 and f2 respectively. These two shifted signals are combined by an adder 105 and then 

15 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 fu. It should be clear that f1+fu
=fc1 and f2+fu

=fc2- Also, 

fc2-fc1=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 

20 '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 

25 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: 

Eq 1 

M-IL-1 

pd_ out(n) = 
LLhJ

,kpd _in(n- j�pd _in(n- Jt. 
j=O 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 

10 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 hj,k 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. 

15 For example, suppose that several samples input into and output from the PA are captured 

and are denoted as Pi for the samples input into the PA, and Po 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 

20 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. 

25 This extracted signal is forwarded to a frequency shifter 109 which shifts the signal back down 

in frequency by fu. The output of this frequency shifter 109 is connected to the other input of the 

capture buff er 111. 

2 
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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 Pi and Po are 

typically read out of the capture buffer 111 by a Digital Signal Processor (DSP) 112 which 

proceeds to solve for the coefficients h. k in the following equation Eq 2 using least squares 
J' 

minimization. 

M-IL-1 

Eq2 p;(n)= LL/11,kpJn- J)lpJn- Jt. 
j=O k=O 

10 Specifically, the above equation Eq 2 can be expressed using matrix arithmetic as Eq 3:

15 

Eq3 P- =Hh
I 

• 

Wherein the P;, H, and h in Eq 3 can be expressed as Eq 4, Eq 5, and Eq 6 respectively: 

Eq 4 l p,(1) 
J P; = P;.(2) 

lp,(1) pO (l)IPO (l)I
L 

Po (l-M) p,(1-MJlpJI-M)I 1 
Eq5 H

= p
��-

2) pO (2)IPO (2)I
L p0 (2-M) p0 (2-M)lp0 (2-M)I

L 

ho,o

hO,L 

Eq6 h=

hM,O

hM,L 

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

as Eq 7: 

3 
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Eq 7 

The general operation of the DB-DPD system shown in FIG 1 is that when the DB-DPD 

system is first turned on, ho,o will be 1 and all other values of hj,k 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 

5 and all of the values of h
1

,k . After these values have been calculated, all of the hj,k values will 

be simultaneously updated and replaced with the h
1

,k values. One can consider the hj,k values to 

be the 'old values' or the 'current values' which are updated all at once with the h
1

,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 

10 hj,k 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. 

15 

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

expressed as Eq 8 or Eq 9: 

Eq 8 
B B 

B =f -f +-1 +-2
PD,

in c2 cl 
2 2 

Wherein the Bcteadspace is the amount of unused bandwidth between signals BB1 and BB2, 

which is expressed as Eq 10 

Eq 10 B 
= f -f - Bl - B2 

deadspace c2 c1 2 2 · 

20 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 BPD,
in 

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 

25 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 

4 
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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 BPD,out of the

signal output from the pre-distortion module is expressed in Eq 11: 

Eq 11 BPD,out = 7 BPD,in 

The pre-distortion module will produce output samples at a sampling rate of at least Bro,out­

Thus, the larger Bro.in is, 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 

Thus, although the final signal to be transmitted from the PA only contains energy over a 

frequency range totaling B
1 
+ B

2
, the sampling rate of the pre-distortion module is severely

degraded by Bcteadspace- For example, suppose that B1 and B2 are 5 MHz and 10 MHz 

respectively and suppose further that Bcteadspace is 200 MHz. Although only 15 MHz of 

15 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 ls ,PDout = ls ,PDin 

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

also typically be at the same rate as ls,PDin. 

It can be seen from above description that the minimum sampling rate required by the prior 

art is expressed in Eq 14: 

Eq 14 fs ,min,prior _art = 7(Bl + B2 + BdeadspacJ 

25 And the implementation cost of the pnor art IS related to ls,min,prior _art . The larger 

ls,min,prior _art is, the larger the implementation cost is.

5 
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Thus, the implementation cost of the pnor art depends on Bcteadspace and can become 

immense if Bcteadspace is 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 

5 transmitter would not be a function ofBcteadspace -

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. 

1 O 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 

15 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. 

20 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 

25 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. 

6 
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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. 

5 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 

1 O 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 

15 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, 

20 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. 

25 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; 

7 
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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 
M,-IL,,,-IL,,,-1 L,,N-1 

PDi(n)= LL L , , ,  L hi,J,k,,k,, ,kNBBi(n- J)IBBi(n- Jt'1BB2(n- Jt°,,,IBBN(n- JlN
j=0 k

1
=0 k2

=0 kN=0 

5 Wherein 

i is between I and N, and N is equal to the number of the baseband input signals; 

Mi represents the memory depth of the PA, Li,1 , Li,2 , , , , , L;,N represent the nonlinearity 

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

for Mi , Li,1 , L;,2 , , , , , and L;,N vary based on the PA; 

10 coefficients hi,J,ki,k2
, ,kN 

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 hi,J,ki,k2
, ,kN 

are obtained by solving: 
M,-JL; 1 -IL; 2-l L; N-1 

PDi(n)= ! LL,,, L hi,J,k1
,k

2 , ,kNPOi(n- J)IPO1(n- Jt11P02(n- Jt,,,IPON(n- JtN 

j=0 k1 =0 k2 =0 k N=0 

15 wherein PD; 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 PD; , 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; 

8 
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a capture buffer, which is configured to obtain P D
i 
and PD; , and output the obtained 

P D
i 
and PD; 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 h
i,J,ki,k2, ,kN by solving equation Eq.2, 

5 and output the calculated coefficients h
i,J,ki,k2, ,kN to the pre-distortion module. 

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

squares minimization � = ( Ht H
i 
)-

1 

Ht p di to solve the above equation to obtain the values of 

wherein 

h= 
l h

i,0,0, ,L;,N-1-l,O 

H
i 

1s a matrix, and elements m the matrix are expressed as 

is expressed as: 

9 
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PO; (n-o) IPDi (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON (n-o)I
°

PD; (n-o)IP0
I (n-0)1

° IP0
2 (n-0)1

° 

. . .  IPON-i (n-o)I
° 

IPON (n-o)j
1 

PO; (n-o)IP0I (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON 
(n-ot·

N
-i

PD; (n-o)IP0I (n-0)1
° 

IP0
2 (n-0)1

° 

. . .  IPON-i (n-0)1
1 

IPON (n-0)1
° 

PO; ( n-0) IP0
1 
( n-0 )I

° 

IP0
2 ( n-0 )I

° 

... IPON-i ( n-0 )j
1 

IPON ( n-0 )1
1 

PD; (n-o)IP0
I (n-o)I

° 

IP0
2 (n-o)I

° 

... IPON-i (n-o)j
1 

IPON 
(n-ot·

N
-i

PD; (n-o)IP0
I 
(n-o)I

° 

IP0
2 

(n-o)I
° 

... IPO
N-i (n-0)1

2 

IPON 
(n-o)I

°

PO; (n-o) IPDi (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-0)1
2 

IPON (n-o)j
1

( )I ( )IL,-] I ( )IL2-l I ( )ILN_,-
1 I ( )ILN-1

PD; n-0 PO1 
n-0 '· PO2 

n-0 '· . . .  PON-I n-0 '· PON 
n-0 '· 

PD; (n-I)IP0
I 
(n-I)I

° 

IP0
2 

(n-1)1
° 

. . .  IPON-i (n-1)1
° 

IPON 
(n-1)1

° 

( )I ( )IL,-] I ( )IL2-l I ( )ILN_,-
1 

I ( )ILN-1

PD; n-l PO1 
n-l '· PO2 

n-l '· . . .  PON-I n-l '· PON 
n-l '· 

PO; (n-2)IP0I (n-2)1
° 

IP0
2 

(n-2)1
°

. . .  IPON-i (n-2)1
° 

IPON 
(n-2)1

° 

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. 
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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 

5 transmitting carrier frequency. 

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

compnsmg: 

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

said carrier frequencies introduced by the PA, 

1 O 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,-IL,_,-IL,_,-1 L,.N-1 

15 PDi(n)= LL L . . .  L hi,J,k,,k,, ,kNBBi(n- J)IBBi(n- Jt'1BB2(n- Jt°---IBBN(n- JlN
j=0 k

1
=0 k2

=0 kN=0 

Wherein 

i is between I and N, and N is equal to the number of the baseband input signals; 

Mi represents the memory depth of the PA, Li,1 , Li,2 , ... , L;,N represent the nonlinearity 

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

20 for Mi , Li,1 , L;,2 , ... , and L;,N vary based on the PA; 

coefficients hi,J,ki,k2
, ,kN 

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 hi,J,ki,k2
, ,kN 

are obtained by solving: 
M--IL; 1 -IL; 2-l L; N-1 

25 PDi(n)= ! LL ... L hi,J,k1
,k

2
, ,kNPOi(n- J)IPO1(n- Jt11P02(n- Jt ... lPON(n- JtN 

j=0 k1 =0 k2 =0 k N=0 

11 
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wherein PD; 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 

5 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 PD;, wherein the center frequency of each frequency shifted signal is zero. 

- ( H )-I H -Wherein least squares minimization hi
= H

i 
H

i 
H

i 
p

di 
are used to solve the Eq.4to 

obtain the values of hi,J,k,,k2, ,kN, 

10 wherein 

h= 
l 

hi,0,0, ,L;,N-1-l,0 

H
i 

1s a matrix, and elements m the matrix are expressed as 

is expressed as: 

12 
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PO; (n-O)IP0I (n-o)I
° 

IP02 (n-0)1
° 

... IPON-i (n-0)1
° 

IPON (n-0)1
°

PO; (n-O)IP0I (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON (n-0)1
I

PO; (n-O)IP0I (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON (n-otr
1

PO; (n-O)IP0I (n-0)1
° 

IP02 (n-0)1
° 

... IPON-i (n-o)j
1 

IPON (n-0)1
°

PD; (n-O)IP0I (n-0)1
° 

IP02 (n-0)1
° 

... IPON-i (n-0)1
I 

IPON (n-o)j
1

PO; (n-O)IP0I (n-0)1
° 

IP02 (n-0)1
° 

... IPON-i (n-o)j
1 

IPON (n-O)l4 ·N
-i

PO; (n-O)IP0
I 
(n-o)I

° 

IP02 (n-o)I
° 

... IPON-i (n-0)1
2 

IPON (n-0)1
°

PO; (n-O)IP0
I 
(n-0)1

° 

IP02 (n-0)1
° 

... IPON-i (n-0)1
2 

IPON (n-0)1
I

( )I ( )II,,
-1

1 ( )I
L,,

-1 

I ( )l½ N-1
-1

1 ( )I
L,N

-1

PD; n-0 PO1 n-0 · PO2 n-0 · . . .  PON-I n-0 · PON n-0 · 

PD; (n-I)IP0I (n-I)I
° 

IP02 (n-1)1
° 

... IPON-i (n-1)1
° 

IPON (n-I)I
°

PO; (n-I)IP0I (n-1)14 .

i

-

I 

IP02 (n-l)I
L

,_,
-i 

... IPON-i (n-l)I
L

,.N-,
-i 

IPON (n-It·
N
-i

PO; (n-2)1P0
I (n-2)1

° 

IP02 (n-2)1
° 

... IPON-i (n-2)1
° 

IPON (n-2)1
°

T 

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

number of pre-distortion functions, 

initially, h;,o,o,o, ,o are set to 1 and all other values for hi,J,ki,k
2, 

,kN are set to zero;

5 and when coefficients hi,J,ki,k
2, 

,kN are obtained by solving the above equation, the method

further comprises: updating with the obtained hi,J,k
1

,k
2, 

,kN. 

The method further comprises: 

recalculating coefficients hi,J,ki,k
2, 

,kN by solving equation Eq.4 at a plurality of times or at a

period; and 

10 updating old coefficients hi,J,ki,k
2, 

,kN with the recalculated coefficients hi,J,k
1

,k
2, 

,kN. 
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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 Bcteadspace at all. This means that regardless of whether the 

two bands are separated by I 00 MHz or I GHz, the implementation cost of the present 

5 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 Bcteadspace-

Brief Description of Drawings 

FIG I is a sketch map of a Dual band digital pre-distortion system in the prior art; 

10 FIG2 is a figure for visual description of the occupied bandwidth; 

15 

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 

20 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 

25 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: 

14 
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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; 

5 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 

10 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 

15 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 

20 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 

25 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 

15 
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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 

5 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 

1 O 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: 

15 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 

M-1 Li-1 L2-l LN-1 

20 PD;(n)= LLL···Lhi,J,k1 ,k2, ,kN
BB;(n- J)IBBl(n- 1tlBB2(n- 1r ... 1BBN(n- JtN . 

j=O k1=0k2=0 kN=O 

Wherein 

i is between I and N, and N is equal to the number of the baseband input signals; 

M represents the memory depth of the PA, L1, L2, ... , LN-l represent the nonlinearity length 

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

25 L1, L2, ... , and LN-1 vary based on the PA; 
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coefficients hi,J,ki ,k2 , ,kN 
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 hi,J,ki ,k2 , ,kN 
are obtained by solving: 

M-l Li-1 L2-l LN-l 

5 PD;(n)= LLL--·Lhi,J,k1 ,k2 , ,kNPO;(n- j�POl(n- 1tlP02(n- 1r ... 1PoN(n- JtN ' and 
j=0 k1=0k2=0 kN=0 

in this situation, the values of M, L1, L2, ... LN are the same for different i, wherein PD; are 

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

Wherein the pre-distortion functions are 
M, -1 L,,1 -1 L,,2 -1 L,,N-l 

PD;(n)= LL L . . .  L hi,J,k,,k,, ,kNBB;(n- J)IBBi(n- Jt'1BB2(n- Jt' ... IBBN(n- JlN 

j=0 k
1

=0 k2 =0 kN =0 
10 and in this situation, the values ofM, Li,1, L i,2, ... L i,N may be different for different i. 

Wherein 

i is between I and N, and N is equal to the number of the baseband input signals; 

Mi 
represents the memory depth of the PA, L;,1 , L;,2 , . . .  , L;,N represent the nonlinearity 

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

15 for M
i , L;,1, L;,2, ... , and L;,N vary based on the PA; 

coefficients hi,J,ki ,k2 , ,kN 
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 

20 the coefficients hi,J,ki ,k2 , ,kN 
are obtained by solving: 

M--lL; 1 -lL; 2-l L; N-l 

PD;(n)= ! LL ... L hi,J,ki ,k2 , ,kNPO;(n-J)IP01 (n- Jt11P02(n- Jt ... lPON(n- JtN ,m 

j=0 k1 =0 k2 =0 k N=0 
this situation, the values of Mi, Li,1, Li,2, ... Li,N are the same or different for different i, 

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

output of the PA 

25 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 PD; , wherein the center frequency of 

5 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 PD; and PD; , and output the obtained 

PD; and PD; 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 

10 a DSP, which is configured to calculate coefficients hi,J,ki,k2 , ,kN 
by solving above equations, 

and output the calculated coefficients hi,J,ki,k2 , ,kN 
to the pre-distortion module. 

Wherein the DSP is configured to use least squares minimization � = ( Ht H; r Ht p di to 

solve the equation 

M-!Li-1 L2-l LN-1 

PD;(n)= LLL--·Lhi,J,k1,k2, ,kNPO;(n- j�POl (n- 1tlP02(n- 1r ... 1PoN(n- JtN 

15 or 

j=0 k1=0k2=0 kN
=0 

M--IL; 1 -IL; 2-l L; N-1 

PD;(n)= ! LL ... L hi,J,k1,k2, ,kNPO;(n- J)IPO1(n- Jt11P02(n- Jt ... lPON(n- JtN 

j=0 k1 =0 k2 =0 k N=0 

to obtain the values of hi,J,k1,k2, ,kN,

wherein 

18 



WO 2012/129768 PCT/CN2011/072219 

h-;-

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

PD; (n- J)IPD; (n- Jt IP01 (n- Jl2 

••• IPO; (n- Jt ... IPON (n- JlN , and row n of Hi can be 

described as: 
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PO; (n-0 )IPO
1 (n -0 )I

° 

IPOJn -0 )I
°

. . .  
IPON-i (n-0 )I

° 

IPON (n-0 )I
°

PO;(n-0 )IPO
1 (n-0 )l° IP02 (n-0 )I

°

. . .  
IPON-i (n-0 )l

°

IPON
(n-0 )1

1 

PO; (n -0 )IPO
1 (n -0 )I

° IPO
2 (n -0 )I

° 

.. . IPON-i (n -0 )I
° 

IPON (n - 0 tN
-i

PO; (n -0 )IPO
1 (n-0 )l° IP0

2 
(n-0 )I

°

. . .  IPON-i (n -0 )1
1

1PO
N (n -0 )I

°

PO; (n -0 )IPO
1 
(n -0 )I

° IPO
2 
(n -0 )I

° 

.. . IPON-i (n -0 )1
1 

IPON (n -0 )1
1 

PO;(n-0 )IPO
1 (n-0 )I

° IPO
2 
(n-0 )I

°

. . .  IPON-i (n-0 )l
1 IPO

N (n-0 tN
-i

PO; (n-0 )IPO
1 (n-0 )I

° IPO
2 
(n-0 )I

°

. . .  IPON-i (n-0 )1
2 

IPON (n-0 )I
°

PO; (n-0 )IPO
1 (n-0 )I

° 

IPOJn-0 )I
°

. . .  IPON-i (n-0 )1
2 

IPON (n-0 )1
1 

PO;(n-0 )IPO
I (n-ot

-1

IPO2(n-0 t2-I 

. . .  
IPON-1 (n-0 tN-l

-1

IPON(n-otN
-
I 

PO;(n-I)IPO1 (n-I)l
°

IP02(n-I)l
° 

... IPON_1 (n-I)l
°

IPON(n-I)I
° 

PO; (n-I)IPO
1 
(n-It1-1 IPOJn-1t2

-

1 

. . .  IPON-i (n-1tN-1
-

1

IPON(n-1tN
-i

PO; (n-2)IPO1 (n-2)1
° IPO

2 (n-2)1
° 

. . .  
IPON-i (n-2)1

° IPON (n-2)1
° 

PO;(n-M;)IPO1 (n-M;t
-1

IPO2(n-M;t2
-

1 

... IPON_1(n-M;tN-i
-1

IPON(n-M;tN
-i

or 

h=l 

hi,0,0, ,L;,N-1-l,O 
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and H; is a matrix, and elements m the matrix are expressed as 

PD; (n-J) IPD; (n-Jt IP0
I 
(n-Jl

2 

• • •  

IPO; (n-Jt ... IPON (n-Jl
N , and row n in the matrix

is expressed as: 

PO; (n-o) IPDi (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON (n-o)I
°

PD; (n-o)IP0I (n-0)1
° IP0

2 (n-0)1
° 

. . .  IPON-i (n-o)I
° 

IPON (n-o)j
1 

PO; (n-o)IP0I (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON (n-ot·N
-i

PD; (n-o)IP0
I (n-0)1

° 

IP02 (n-0)1
° 

. . .  IPON-i (n-0)1
1 

IPON (n-0)1
° 

PO; ( n-0) IP0
1 
( n-0 )I

° 

IP02 ( n-0 )I
° 

... IPON-i ( n-0 )j
1 

IPON ( n-0 )1
1 

PD; (n-o)IP0
I (n-o)I

° 

IP02 (n-o)I
° 

... IPON-i (n-o)j
1 

IPON (n-ot·N
-i

PD; (n-o)IP0
I (n-o)I

° 

IP02 (n-o)I
° 

... IPON-i (n-0)1
2 

IPON (n-o)I
°

PO; (n-o) IPDi (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-0)1
2 

IPON (n-o)j
1

( )I ( )IL,-] I ( )IL2-l I ( )ILN_,-
1 I ( )ILN-1

PD; n-0 PO1 
n-0 '· PO2 

n-0 '· ... PON-I n-0 '· PON 
n-0 '· 

PD; (n-I)IP0
I (n-I)I

° 

IP02 
(n-1)1

° 

. . .  IPON-i (n-1)1
° 

IPON 
(n-1)1

° 

( )I ( )IL,-] I ( )IL2-l I ( )ILN_,-
1 

I ( )ILN-1 

PD; n-l PO1 
n-l '· PO2 

n-l '· ... PON-I n-l '· PON 
n-l '· 

PO; (n-2)IP0I (n-2)1
° 

IP02 
(n-2)1

°

. . .  IPON-i (n-2)1
° 

IPON 
(n-2)1

° 

T 

5 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 

1 O 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: 

5 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 

compnses: 

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

15 

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 multi band digital 

pre-distorter ( dual band digital pre-distorter in this example) according to this example is shown 

20 in FIG 3. The baseband signals BB1 301 and BB2 302 are centered at OHz and have bandwidths 

B1 and B2 respectively. The intent of the multiband digital pre-distorter is that BB1 301 and BB2

302 appear on the output of the PA 308 centered at fc1 and fc2 respectively. Without loss of 

generality, the discussion here will assume that both signals BB1 301 and BB2 302 are sampled 

at a rate offs and that fc1<fc2. Further restrictions on the sampling rate fs will be presented later 

25 in this application. 

Baseband signals BB1 301 and BB2 302 are sent into a multiple input multiple output 

(MIMO) pre-distortion module 307 to produce signals PD 1 and PD2, and the MIMO pre-
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distortion module 307 processes baseband signals BB1 301 and BB2 302 with a MIMO pre­

distortion function. Signals PD 1 and PD2 are sent into frequency shifters 303 and 304 which 

shift the frequency of the signals PD 1 and PD2 to f1 and f2 respectively. Then these shifted 

signals are combined by an adder 305. Wherein the MIMO pre-distortion function includes at 

5 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. 

10 Preferably, the combined signal is forwarded to a final frequency shifter 306 which shifts 

the combined frequency by fu. It should be clear that f1+fu
=fc1 and f2+fu

=fc2- Also, fc2-fc1=f2-f1. 

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 3 06 in the multi band digital pre-distorter, the output of 

15 the final frequency shifter 306 is sent to a power amplifier (PA) 308; or if there is no final 

frequency shifter 306, 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 

20 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 fc1 and fc2. As known to someone skilled in the art, if a 

non-linear PA is presented with a signal centered at fc1 and fc2, the output of the PA will contain 

desired signals at fc1 and fc2, but it will also contain energy at frequencies fc1 -( fc2-fc1) and 

25 fc2+(fc2-fc1). Stated in general terms, BPF3 317 will remove the distortion products introduced 

by the PA 308 far away from the transmission carrier frequencies fc1 and fc2 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 1 and PD2 sent to the PA 308 such that the output of the BPF3 317 only 

contains signals BB 1 301 and BB2 302 centered at frequencies fc 1 and fc2. No system is perfect 

and the output of the BPF3 317 in this example will also contain some distortions, but the 

5 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 

1 O 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-!Li- 1 L2-l 

Eq 15 PD1 (n) =LL L�.J.ki,k2
BB1 (n- J)IBB1 (n- Jt1 IBB2 (n- Jt2

j=0 k1=0k2=0 

M- 1 Li-1 L2-l 

Eq 16 PD2 (n) =LL Lh2,J,k1
,k

2
BB2 (n- J)IBB1 (n- Jt1 IBB2 (n- Jt2 

j=0 k1 =0 k2 =0 

Wherein, M represents the memory depth of the PA 308. That is, the PA's 308 output is 

15 considered to be a function of the current input sample and the previous M-1 input samples. L1

and L2 represent the nonlinearity length and the interband crosscorrelation degree of the MIMO 

pre-distortion model. The actual values used for M, L1, and L2 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 L1 and L2 will be slightly larger than M and typically between 3 and 15. The 

20 coefficients �.J,k1 ,k2 

and h2,J,k
1
,k

2 

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, L1, or L2 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, 

25 the value ofL1 or L2 in Eq 15 need not be the same as the value ofL1 or L2 in Eq 16. 
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One method used to calculate the coefficients �,J,k
1

,k
2 

and h
2

,J,k
1

,k
2 

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. 

5 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. 

1 O 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. 

15 Two of the signals recorded by the MIMO capture buffer 309 in this example are PD 1 and 

PD2, 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 

20 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 fu Hz. 

The output of the frequency shifter 311 is connected to two bandpass filters BPF 1 312 and 

BPF2 313 respectively. These bandpass filters BPF 1 312 and BPF2 313 are centered at 

25 frequencies f1 and f2 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 1 312 and BPF2 313 need to be 3-6 times the 

bandwidths B1 and B2 of the corresponding signals. For example, the bandwidth of BPF 1 312 

typically needs to be between 3B1 and 6B1. To simplify the discussion in this application, the 
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bandwidth requirement of the bandpass filters BPF 1 312 and BPF 2 313 will be assumed to be 6 

times the bandwidths of the corresponding signal being transmitted, as shown in Eq 17 and Eq 

18. 

Eq 17 Bandwidth(BPFJ = 6B
1 

Eq 18 

The outputs of BPF 1 3 12 and BPF 2 3 13 are sent into two frequency shifters 3 14 and 3 15, 

which shift the signals down by f1 and f2, respectively, to produce signals P01 and P02, 

respectively. The outputs from these frequency shifters 314 and 315 are captured by the MIMO

capture buff er 3 09. 

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 

20 

309 and based on the captured values PD1, PD2, P01 and P02, the following equations Eq 19 

and Eq 20 are solved by the DSP 316 using least squares minimization to obtain the values of 
� � 

�.J,k1,k2 
and h2,J,k1,k2 

. 
M-!L1 -IL2 -l 

Eql9 PD1(n)= LLL�.J.k1 ,k2 PO1 (n- j�PO1 (n- Jt11P02 (n- Jt 
j=0 k1 =0k2 =0 

M-!L1 -IL2 -l 

Eq20 PD/n)= LLLh2,J,k1 ,k2 PO2 (n- J)IPO1 (n- Jt11P02 (n- Jt 
j=0 k1 =0k2 =0 

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

as Eq 21 and Eq 22: 
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Eq22 

Wherein 

Eq23 

Eq24 

Pd2 =H2 h2 

l PD"(l) j

Pda = 
PD�-(2) , 

h a,0,0,0 

h a,O,O,L2-I 

h a,0,1,0 

h 
= a 

h a,O,Li-l,L2-I 

h a,1,0,0 

ha,M-1,Li-1,L2-I 

PCT/CN2011/072219 

aE {1,2} 

' 
GE {1,2} 

5 The matrix H1 can be constructed column-wise by examining the � vector. For example, if 

the 16th row of � contains �ab c, then the 16th column of H1 contains elements shown in Eq 25: 

Eq25 

PO1 (I-a�PO1 (1-atlP02 (I-af 
POI (2 -a )IPOI (2 -at IPO 2 (2 -a r 
PO1 (3-a�PO1 (3-atlP02 (3-af 

Thus, all columns ofH1 can be constructed by examining the rows of�. 

The H2 matrix can be constructed column-wise by examining the h
2 

vector. For example, if 

1 O the 16th row of h
2 

contains h
2 ab c , then the 16th column of H2 contains elements shown in Eq 

26: 

Eq26 

PO2 (1-a)IPO1 (1-atlP02 (1-af 
PO2 

(2-a)IPO1 (2-atlP02 (2-af 
PO2 (3-a)IPO1 (3-atlP02 (3-af 
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Thus, all columns ofH2 can be constructed by examining the rows of h2. 

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

Eq 27 and Eq 28: 

Eq28 

Therefore, the DSP 316 can obtain the values of �.J,k
1

,k
2 

and h2,1,k
1
,k

2 
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
aa

, H
a

, and h
a 

vectors and matrices (a is either I or 2), an vast 

10 number of variations are possible that do not depart from the scope of this application. For 

example, any two rows of p 
aa 

can be exchanged as long as the same rows of H
a 

are 

exchanged. Furthermore, any two columns G and k) of H
a 

can be exchanged as long as the 

same rows G and k) of h
a 

are exchanged. 

The general operation of the multiband digital pre-distorter is that when the multiband 

15 digital pre-distorter is first turned on, initially, h1,o,o,o and h2,o,o,o will both be set to I and all 
� � 

other values for �.a,b,c and h2,a,b,c will be set to zero. When some samples are captured by the

MIMO capture buffer 309, the samples are analyzed by the DSP so as to produce the vectors � 
- � � 

and h2 
and all of values in �.J,k

1

,k
2 

and h2,1,k
1
,k

2 

• After these values have been calculated, the

DSP transmits these values to the MIMO pre-distortion module and all of the h1,j,k1,k2 and 

20 h2,j,ki,k2 values of the MIMO pre-distortion function in the MIMO pre-distortion module will be 
� � 

simultaneously updated and replaced with the �.J,k
1
,k

2 
and h2,1,k

1
,k

2 
values.

The process of capturing data, performing calculations, and finally updating the coefficients 

h1,j,k1,k2 and h2,j,k1,k2 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 

25 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 (P01, P02), are usually the same, which are represented in this application by 

a variable fs. 

According to the pre-distortion functions expressed in Eq 15 and Eq 16, because the signals 

BB1 301 and BB2 302 have bandwidths B1 and B2 respectively, and both signal BB1 301 and 

5 BB2 302 are baseband signals, so the bandwidths of the signal output from the Eq 15 and Eq 16 

are equal to lager one of B1 and B2, which are not a function of Bcteadspace - 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 

10 signals BB1 301 and BB2 have bandwidths B1 and B2 respectively, the bandwidth of PD1 and 

PD2 respectively coming out of the MIMO pre-distortion function will be much larger than the 

lager one of B1 and B2. Although the actual bandwidth of PD1 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 B1 and B2. In order to simplify the description in this 

15 application, it will be assumed that the bandwidth of PD1 and PD2 will be 7*max(B1,B2). 

It has been previously stated that the bandwidth of the P01 and P02 signals will be about 

6B1 and 6B2 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 (P01, P02) coming from the feedback 

20 frequency shifters 314 and 315) will be 7*max(B1,B2). 

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 fs,min,invention 
= 7 * max( Bl' B2) 

As in the prior art, the implementation cost of the invention is dependent on h,min,invention . 

25 The larger fs,min,invention, the higher the implementation cost of the invention. 

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

Eq 30 fs,min,prior _art = 7(Bl + B2 + BdeadspacJ 
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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 Bcteadspace at all.

This means that regardless of whether the two bands are separated by I 00 MHz or I GHz, the 

5 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. 

10 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 

15 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 AID

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 

20 signals PD 1 and PD2 to f1 and f2) was illustrated through the use of two cascaded frequency 

shifters. The first frequency shifter had a frequency offset of f1 or f2 ( depending on the band), 

and the second frequency shifter had an offset of fu. 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. 

25 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 -fu and the second shifted by -f1 or -f2 (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 1 

5 and PD2 signals as they enter the MIMO capture buffer 309.

Another example is 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 MIMo capture buffer would capture 2N 

signals (BB1 through BBN and P01 through PON) where N is the number of frequency bands to 

1 O 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 fca+/-(fcb-fcct) must be filtered out for values of a, b, and d between I and N. a, b, 

15 and d must be unique in that a!=b, b!=d, and a!=d. Note that if it is the case that fca+/-(fcb­

fcct)=fce, 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 

20 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. 

25 

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

M-14-1 L,_-1 LN
-1 

Eq31 PD;(n)= LLL···L)i,J,k,,k,, ,kN
BB;(n- J)IBBi (n- 1tlBB2(n- Jt'---IBBN(n- JtN 

J�O k,�Ok2�0 kN�O 

Wherein i is between I and N. As before, M will take on values typically between O and 6. 

The L1, L2, ... , LN values are constants that are determined empirically and will typically be 

rather small, between O and 10. 
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Again, the coefficients hi,J,ki,k
2, 

,kN can be obtained by solving the following sets of 

equations Eq 32, as has been described previously in this application: 
M-1 Li-1 L2-l LN-1 

Eq32 PD;(n)= III---Ihi,J,ki,k2, ,k
N
PO;(n-J)IPO1(n-Jt11P02(n-Jt ... lPON(n-JtN 

j=0 k1 =0 k2=0 k
N

=0 

5 Another example is that although in Eq 31 and Eq 32 each function had the same Mand L 

values, it is 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,-IL,,,-IL,,2-l L,,N-1 

Eq33 PD;(n)= I I I ... I h;,J,k,,k,, ,k
NBB;(n-J)IBBi(n-Jt'IIJB2(n-Jt ... lBBN(n-JtN 

j=0 k
1

=0 k2
=0 k

N
=0 

M-!I-11-ILt 2-l ½ N-1 

10 Eq34 PD;(n)= I I I ... I h;,J,k
1
,k

2, 
,k

N
PD;(n-J)IPO1(n-Jt11P02(n-Jt ... lPON(n-JtN 

j=0 k1 =0 k2=0 kN
=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 Bcteadspace 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 Bcteadspace-
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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 

5 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 

10 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 

15 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. 

20 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

25 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 

5 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 

1 O 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, 

15 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. 

20 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. 

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

M,-IL,_,-IL,_,-1 L,
.N

-1

Eq.IPD;(n)= LL L . . .  L hi,J,k,,k,, ,kNBB;(n- J)IBBi(n- Jt'1BB2(n- Jt°---IBBN(n- JlN 

j=O k
1

=0 k
2

=0 k
N

=O 
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Wherein 

i is between I and N, and N is equal to the number of the baseband input signals; 

Mi represents the memory depth of the PA, Li,1 , Li,2 , ... , Li.N represent the nonlinearity 

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

5 for Mi , Li,1 , L;,2 , ... , and Li.N vary based on the PA; 

coefficients hi,J,ki,k2
, ,kN 

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 hi,J,ki,k2
, ,kN 

are obtained

10 by solving: 
M--IL; 1 -IL; 2-l L; N-1 

Eq.2PDi (n)= ! LL ... L hi,J,k1,k2 , ,kNPOi (n- J)IP01 (n- Jt11P02 (n- Jt ... lPON (n- JtN 

j=0 k1 =0 k2 =0 k N=0 

wherein PD; 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:

15 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 PD; , wherein the center frequency of 

each frequency shifted signal is zero, and the number of the bandpass filters is equal to the 

20 number of the baseband input signals; 

a capture buffer, which is configured to obtain PD; and PD; , and output the obtained 

PD; and PD; 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 hi,J,ki,k2
, ,kN 

by solving equation Eq.2, 

25 and output the calculated coefficients hi,J,ki,k2
, ,kN 

to 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

squares minimization � = ( Ht H
i 
r Ht p di to solve the Eq.2 to obtain the values of izi,J,k,,k2, ,kN, 

wherein 

h= 
l 

hi,0,0, ,L;,N-1-l,0 

H
i 

1s a matrix, and elements m the matrix are expressed as 

is expressed as: 
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PO; (n-o) IPDi (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON (n-o)I
°

PD; (n-o)IP0
I (n-0)1

° IP0
2 (n-0)1

° 

. . .  IPON-i (n-o)I
° 

IPON (n-o)j
1 

PO; (n-o)IP0I (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON 
(n-ot·

N
-i

PD; (n-o)IP0I (n-0)1
° 

IP0
2 (n-0)1

° 

. . .  IPON-i (n-0)1
1 

IPON (n-0)1
° 

PO; ( n-0) IP0
1 
( n-0 )I

° 

IP0
2 ( n-0 )I

° 

... IPON-i ( n-0 )j
1 

IPON ( n-0 )1
1 

PD; (n-o)IP0
I (n-o)I

° 

IP0
2 (n-o)I

° 

... IPON-i (n-o)j
1 

IPON 
(n-ot·

N
-i

PD; (n-o)IP0
I 
(n-o)I

° 

IP0
2 

(n-o)I
° 

... IPON-i (n-0)1
2 

IPON 
(n-o)I

°

PO; (n-o) IPDi (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-0)1
2 

IPON (n-o)j
1

( )I ( )IL,-] I ( )IL2-l I ( )ILN_,-
1 I ( )ILN-1

PD; n-0 PO1 
n-0 '· PO2 

n-0 '· . . .  PON-I n-0 '· PON 
n-0 '· 

PD; (n-I)IP0
I 
(n-I)I

° 

IP02 
(n-1)1

° 

. . .  IPON-i (n-1)1
° 

IPON 
(n-1)1

° 

( )I ( )IL,-] I ( )IL2-l I ( )ILN_,-
1 

I ( )ILN-1

PD; n-l PO1 
n-l '· PO2 

n-l '· . . .  PON-I n-l '· PON 
n-l '· 

PO; (n-2)IP0I (n-2)1
° 

IP02 
(n-2)1

°

. . .  IPON-i (n-2)1
° 

IPON 
(n-2)1

° 

I 0. A method for pre-distorting, and the method comprising: 

T 

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 

5 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. 

37 



WO 2012/129768 PCT/CN2011/072219 

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 

compnsmg: 

the pre-distorted signal of each pre-distortion function being frequency shifting, wherein a 

5 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 

10 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

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

distortion functions are 
M,-IL,_,-IL,_,-1 L,

.N
-1 

Eq.3PDi(n)= LL L . . .  L hi,J,k,,k,, ,kNBBi(n- J)IBBi(n- Jt'1BB2(n- Jt°---IBBN(n- JlN
j=O k

1
=0 k2

=0 kN=O 

Wherein 

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

20 Mi represents the memory depth of the PA, Li,1 , Li,2 , . . .  , L;,N represent the nonlinearity 

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

for Mi , Li,1 , L;,2 , . . .  , and L;,N vary based on the PA; 

coefficients hi,J,ki,k2
, ,kN are chosen such that the cascade of the MIMO pre-distortion

function, and the PA will be linear overall; 

25 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 h
i,J,ki,k2

, ,kN 
are obtained by

solving: 
M--IL; 1 -IL; 2-l L; N-1 

Eq.4PDi (n)= ! LL ... L hi,J,k 1
,k

2
, ,k

N
POi (n- J)IP01 (n- Jt11P02 (n- Jt ... lPON (n- JtN 

j=0 k1 =0 k2 =0 k N=0 

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

5 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 

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

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

16. The method as claimed in claim 14, wherein least squares minimization
- ( H )-! H 

� 

h
i = H

i 
H

i 
H

i 
p di are used to solve the Eq.4to obtain the values of h

i,J,k 1 ,k2, ,kN,

wherein 
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h= 
l 

hi,0,0, ,L;,N-1-l,0 

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

PD; (n- J)IPD; (n- Jt IP01 (n- Jl2 

• • •  

IPO; (n- Jt ... !PON (n- JlN , and row n in the matrix 

is expressed as: 
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PO; (n-O)IP0I (n-o)I
° 

IP02 (n-0)1
° 

... IPON-i (n-0)1
° 

IPON (n-0)1
°

PO; (n-O)IP0I (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON (n-0)1
I

PO; (n-O)IP0I (n-o)I
° 

IP02 (n-o)I
° 

... IPON-i (n-o)I
° 

IPON (n-ot
r

1

PO; (n-O)IP0I (n-0)1
° 

IP02 (n-0)1
° 

... IPON-i (n-o)j
1 

IPON (n-0)1
°

PD; (n-O)IP0I (n-0)1
° 

IP02 (n-0)1
° 

... IPON-i (n-0)1
I 

IPON (n-o)j
1

PO; (n-O)IP0
I (n-0)1

° 

IP02 (n-0)1
° 

... IPON-i (n-o)j
1 

IPON (n-O)l4 ·
N
-i

PO; (n-O)IP0
I 
(n-o)I

° 

IP02 (n-o)I
° 

... IPON-i (n-0)1
2 

IPON (n-0)1
°

PO; (n-O)IP0
I 
(n-0)1

° 

IP02 (n-0)1
° 

... IPON-i (n-0)1
2 

IPON (n-0)1
I

( )I ( )II,,
-1

1 ( )I
L

,,
-1 

I ( )l½ N-1
-1

1 ( )I
L

,N
-1

PD; n-0 PO1 n-0 · PO2 n-0 · ... PON-I n-0 · PON n-0 · 

PD; (n-l)IP0I (n-1)1
° 

IP02 (n-1)1
° 

... IPON-i (n-1)1
° 

IPON (n-1)1
°

PO; (n-l)IP0I (n-1)14 .

i

-

I 

IP02 (n-l)I
L

,_,
-i 

... IPON-i (n-l)I
L

,.
N-,

-i 
IPON (n-1t·

N
-i

PO; (n-2)1P0
I 
(n-2)1

° 

IP02 (n-2)1
° 

... IPON-i (n-2)1
° 

IPON (n-2)1
°

T 

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, h;,o,o,o, ,o are set to 1 and all other values for hi,J,k
i
,k

2, 

,k
N 

are set to zero; 

5 and when coefficients hi,J,k
i
,k

2, 

,k
N 

are obtained by solving the Eq.4, the method further 

comprises: updating with the obtained hi,J,k
1

,k
2, 

,k
N

. 

18. The method as claimed in claim 17, the method further comprises:

recalculating coefficients hi,J,k
i
,k

2, 

,k
N 

by solving equation Eq.4 at a plurality of times or at a

period; and 

10 updating old coefficients hi,J,k
i
,k

2, 

,k
N 

with the recalculated coefficients hi,J,k
1

,k
2, 

,k
N

. 
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