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An improved cross talk cancelling digital predistortion (ICTC-DPD) with novel estimating technique and decoupling technique is
proposed, which can be used to compensate the cross talk with possible delay and compensate the nonlinearity with memory effect
in MIMO transmitting channels. The cross talk cancellation ability, which is defined as the cross talk power ratio before cancellation
to after cancellation in decibel, is analyzed and its closed-form expression is derived. Simulation results prove that the ICTC-DPD
can achieve higher cross talk estimation accuracy and higher cross talk cancellation ability than the original CTC-DPD. Experimen-
tal results show that the ICTC-DPD can achieve 20 dB cross talk cancellation for two channels transmitting 20 MHz LTE signals.

1. Introduction

Multiple-input multiple-output (MIMO) technology is one of
the most promising solutions in improving the spectral effi-
ciency of wireless systems [1-5] and has been used in several
wireless communication standards, such as LTE and LTE-
Advanced [6]. In the MIMO transmitter design, nonlinearity
is a basic issue [7-13]. It is mainly introduced by the inher-
ently nonlinear power amplifiers (PAs) and by the cross talk
(coupling) which is occurring before PAs and distorted by
PAs. It will degrade the quality of the output signals and thus
degrade the performance of the MIMO communication sys-
tem [7]. It is worth pointing out that the cross talk also occurs
at the circuit after PAs and at the antennas; however, when
the preceding nonlinearity is compensated, this cross talk can
be compensated at the receiver side concurrently with the
composite cross talk generated at the receiver antennas and
by the channel [14, 15].

In some proposed techniques in open literatures, the PAs’
nonlinearity and the distorted cross talk have been compen-
sated concurrently. These techniques can be divided into two
kinds. The first is crossover DPD (CO-DPD) [7, 8]. In CO-
DPD, each direct path or coupling path uses a predistorter of

memory polynomial model to compensate, where the pos-
sible delay of cross talk can be considered as memory effect
and thus can be compensated. However, it ignores the higher-
order cross-terms, which results in a loss of performance,
especially at high cross talk levels [9], and it has high com-
plexity because too many predistorters are used. The second
is cross talk cancelling DPD (CTC-DPD) [9-11], where an
inversion of coupling matrix is introduced after predistorters
for decoupling to make the channels between predistorters
and PAs independent, and therefore only M predistorters
of memory polynomial model are needed by M outputs.
However, for CTC-DPD, the coupling matrix estimated in
the first round will be distorted by the nonlinearity of PAs,
and the propagation of this error will decrease the accuracy
of the final estimated values at the second round. Moreover,
its estimating technique needs the output of all channels
simultaneously, which makes shared feedback impossible.
Additionally, the inversion of coupling matrix needs to be
computed for decoupling, which results in an increase of
complexity. Furthermore, the delay of cross talk is ignored,
which leads to a loss of performance in a particular situation
where the two adjacent channels have significant interval and
transmit rapid baseband signal at high power.
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FIGURE 1: The system model of an M-output MIMO transmitter
with ICTC-DPD, where the cross talk and nonlinearity can be
compensated by shared feedback.

In this paper, an improved CTC-DPD (ICTC-DPD) with
novel estimating and decoupling technique based on shared
feedback is proposed. The system model of ICTC-DPD is
shown in Figure 1. In ICTC-DPD, the novel estimating
technique can estimate the cross talk with delay avoiding
the distortion of PA nonlinearity, while the novel decoupling
technique has low complexity and can compensate the cross
talk with delay. By using shared feedback, inconsistency of
output channels can be compensated too.

2. System Model

In this section, we will first review the original CTC-DPD and
then give out our improvement on estimating technique and
decoupling technique.

2.1. Original CTC-DPD. The original CTC-DPD is proposed
and analyzed for a 2-output MIMO. Its system model is
similar to Figure 1 but with individual feedback [9-11], and
its process can be described by

w=uDC=ul=u, @
i = fi(w) = fi (w) = £; (9 (%)) = x;, (2)

where u = [u; w,], v = [v; v, and w = [w; w,]
are the equivalent baseband signals before decoupling (after
predistortion), after decoupling (before coupling), and after
coupling (the input of the PAs), x; is the baseband input, and
y; is the equivalent baseband signal of PA output of the ith
channel, respectively.

C-= [Cl € ] is the coupling matrix describing the cross
talk before the PAs, where C;; is the coupling coefficient from
the ith channel to the jth channel andC;; = Cy, =1,0 <
{IC151,1Cy1 1} < 1. Tt is easy to know that C is invertible.

D is the decoupling matrix, and it is the inversion of C;
thatis, D = C*! = (1/(1 - C,C,)) [71 C”] As can
be seen in (1), with the decoupling, the cross talk before
the PAs is compensated and the channels before the PAs are
independent.
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The predistortion function g;(+) is used to compensate the
nonlinear function f;(-) of the ith PA, which is described by
odd-order-only memory polynomial model [16] as follows:

y; () = f; (w; (n))

—Z Zh(” Jw; (n - )|

3
wn-q), O

where h,((’;)q is the k-order polynomial coefficient of the gth
filter tap and K and Q are the maximum polynomial order
and memory depth, respectively. For a block of samples, (3)
can be expressed in a matrix form as

Yi = Aw,-hi’ (4)
where w; = [w;(1) w;(2) w,(N)]" and y, =
[y;:(1) y(2) -+ y(N )] are the vectors of N samples of

complex envelope of input and output signal and h; =
@ 1@ (@) @ 3, @ T
(Y h3y - hiy o+ hig hiQ hy ol is the vector of

the memory polynomial coeflicients, respectively. Consider

Aw,- - [agv,- axlv,- a?v,- aSi],and
2,
qul qul e oqxl
a (w; (1)) a (w; (1)) ag (w; (1)) (5)
a (w; (N-q)) a,(w;(N-q)) - ag(w;(N-q))
where a, (w;(n)) = |w;(n)* " w;(n) and 0,;=[00 - O]T.
q zeros

In this technique, the coupling matrix and DPD coeffi-
cients are estimated by two rounds. In the first round, the
coupling matrix is estimated by

C= pinv (v)y, (6)

where pinv(-) is the pseudoinverse function and the DPD
coeflicients are extracted by

[d1 ¢
¢, d;
where d; = [dV) dfy - dPy - dVy dY, dPo)"

the vector of memory polynomial coeﬂic1ents of the ith

predistorter. In the second round, a more accurate coupling
matrix is estimated by

] =pinv([Ay, AL )i w]C @)

C = pinv([v, v,]) [Ayd; Ay d,] (8)

and more accurate DPD coefficients are extracted using (7)
with C from (8). However, first, the coupling matrix estimated
in the first round will be distorted by the nonlinearity of PAs,
and the propagation of this error will reduce the accuracy of
the final estimated values. Second, this estimating technique
needs the output of all channels simultaneously, which makes
shared feedback impossible.
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2.2. The Proposed Estimating Technique. The cross talk usu-
ally takes place between two adjacent channels with little
interval; therefore the delay of its baseband signal is signif-
icantly small and is usually ignored, while the phase delay
of the carrier is combined into the coupling coefficient.
However, in a particular situation, such as that where the two
adjacent channels have significant interval and transmit rapid
baseband signal at high power, the baseband of cross talk may
have a noticeable delay. Here we propose a novel cross talk
estimating technique which can estimate both the coupling
coefficient and the baseband delay of cross talk by shared
feedback and improve the DPD extraction to adapt that.
When C;; and dj; (the corresponding baseband delay) are
being est1mated only a sequence of MPSK symbols v;(n) and
the corresponding sequence of C,] vi(n - ij) (where gain

coefficient Cij and delay dij are trial values) are sent to the ith
and the jth digital-to-analog converters (DACs), respectively.
The other channels keep silent. The input of the jth PA with
noise is

w;(n)= ,],(n d) l]l(n d)+nj(n). 9)

Assume n;(n) is statistical independent noise with power
spectral density N;,. The power of w}(n) is

Ellw m['} =0s5(|c,[* +[C;
{lof '} =031, + 6. ) "
- Re {C};CyR,; (d;; —dy;)} + BN,

where B is the bandwidth and R ;(:) and P, are the autocorre-
lation function and power of v;(n), respectively.

For given d.., the gradient descent method [17] is used

i
to search Cij winch minimizes the power of w;(n). It can
be proved that this problem is convex, and w}(n) gets
m1n1ma1power0 5|Cy[*P,(1 - R,;(d;;—d;;)/P*) + BN, when
Cj = (R,(d; - ij)/Pi)Cij. Based on the characteristic of
autocorrelation function, it is known that w}(n) gets final
minimal power BN, when d,] = d,-j and C,-j = C,-j. Therefore,
we can use the preknowledge of channel interval to get
approximate d;; and then vary d;; about d;; and repeat the
search to let w; (n) get final minimal power, where Ziij and 61-]-

are as the estimated values and can be denoted as
(C,J,d ) = arg glinE {|w; (n)|2}. (1)

CyeC.d; ez

Due to practical limitations, it may not be feasible to add
extra RF hardware to receive w}(n), so the parameters can

be estimated using the output of the PA, that is, y;(n). Its
power can be attained by calculating the average energy of
N samples. Therefore, the parameters can be estimated by

N
(6,-]', dij) = arg min {%Z‘i |y1' (])'2} . (12)
=

C eCd ez

Although the PA has nonlinearity, the estimation in (12)
will not be distorted by the PAs nonlinearity. There are
two reasons. First, MPSK symbols with fixed magnitude are
chosen as stimulus to make (9), that is, the input of the PA, has
fixed magnitude. In this situation, the memory polynomial
model in (3) can be simplified as y;(n) = ZqQ o hg) -9,
where the nonlinearity is avoided and only the memory effect
is left. Second, since PA behaves linearly at enough backoft
[16], based on (10), we can let the target PA work at linear
region by choosing small magnitude MPSK symbols and
small initial a-j in the gradient descent method.

When all cross talk has been estimated, the jth predis-
torter memory polynomial coefficients can be extracted by

M
d; =pinv(A, )| v;+ Y Co(n-d)«vi|, (13

i=1,i#j

where 8(n—d, 1) *v; means that the vector of v; should delay d;; d;;
samples. Because the different channels are recelved by shared
feedback, the channel inconsistency can be compensated too.

2.3. The Proposed Decoupling Technique. Assume the trans-
mitting channels are placed sequentially. Because the cross
talk between nonadjacent channels is usually significantly
small and thus can be ignored, the estimated coupling matrix
of M transmitting channels can be denoted as

1 Cp 0
621 1 623
C= . (14)
a(M—l)(M—Z) 1 E(M—I)M
| 0 Crav-) [

For large M, it is a sparse matrix.

The original CTC-DPD uses the inversion of C, which is
no longer a sparse matrix, as decoupling matrix. However,
the computation of the inversion and the implement of
dense decoupling matrix multiplication will increase the
complexity of the technique, especially with large M. Further,
the baseband delay of cross talk, if it exists in the particular
situation, cannot be compensated by this technique.

In order to compensate the cross talk with possible delay
simply, here we use

1 i=j
Dj=1 - - o (15)

for decoupling, where &(n — Zlij)* means that the vector of
corresponding input should delay El,-j samples to take part

in decoupling. When C is sparse, this decoupling matrix is
Sparse too.



With our decoupling technique, the equivalent baseband
signal of the ith PA input is

w; (n) = u; (n)

QU)

l) - Cjiuy (” ji)]

U (16)

- > Y CyCuu(n—dy—d;).
=L k=1t ki

When the non-adjacent-channel cross talk and the delay of
cross talk baseband are ignored, (16) can be rewritten as

w; (n) = [1= Ci1yCityi — CigioyCoirnyi) i ()
+ (C(i—l)i - 6(i—1)i) u;_y (n)
+ (C(iH)i - 6(i+1)i) Uiy (n) (17)
= Ciayi-1)Ciithi ()

= Cliva)i+1) Cliv)ithisa (n).

In general, the coupling coefficient is significantly small.
Therefore, the terms with second-order coupling coefficient
in (16) and (17), which represent the recoupled decoupling
components, can be ignored. Further, when there is no
estimation error, (16) and (17) can be approximated as w;(n) =
u;(n), where the cross talk is cancelled.

3. Analysis of Cross Talk Cancellation Ability

In this section, we investigate the impact of the estimation
errors of coupling coeflicient and time delay on the cross talk
cancellation ability, which is defined as the cross talk power
ratio before cancellation to after cancellation in decibel.
Because the time delay may not be integer multiple of sam-
pling time, the analysis is done in continuous time domain.

The cancellation ability of the cross talk from the ith
channel to the jth channel is given by

¥ = IOIOgP—l; =-10log ——+ “ (t)' }

Bj {| 6 (1) }

where P;; and P;; denote the power of the cross talk from the

ith channel to the jth channel before cancellation and after
cancellation,

(18)

¢; () = Cyju; (t - Tij) 19)
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denotes the baseband of original cross talk before cancellation
(7; is the time delay), and

(t) 1] U; ( Tij) - 6ijui (t - ?’J)

M
- Z Eikajui (t -7

k=1, j,ki

(20)
ik ~ Tkj)

denotes the baseband of residual cross talk after cancellation
(7;; is the estimation of time delay), respectively.

Because the coupling coefficient is significantly small, the
last term in (20), which represents the cancellation error
items introduced by the other channels, is much weaker than
the first two terms; therefore we can approximate (20) as

7;) = Cyts (t = 7). @1

In practice, the coupling coefficient and time delay are
subject to certain estimation errors. Here, we build an error
model as follows:

G (1) = Gy (¢ -

Ci=(1+n)e el *Cyj,
(22)
?ij =T+ U
where #, ¢, and y are coupling coeflicient magnitude error,
coupling coeficient phase error, and time delay error, respec-
tively.
With (18)-(22), we can attain

¥j; ~-10log | 2+ 21 + n

(23)

B 2(1+n)Re {Ri (w) e_j"’} ]

R; (0)

where R;(-) is the autocorrelation function of the ith channel
baseband signal u;(¢). The proof can be seen in Appendix.

4. Results and Discussions

In this section, simulation and experimental results are
presented to evaluate the performance of our estimating and
decoupling technique.

Figures 2 and 3 show the simulation results of magnitude
and phase relative error of estimated coupling coefficient
versus signal-to-noise ratio (SNR) of feedback in a 2-output
MIMO, where the cross talk is set as —15 dB with phase delay
0.671. Because of the inherent thermal noise and analog-to-
digital converter (ADC) quantizing noise on the feedback,
here feedback SNR is considered. In the two figures, the
distorted results, which are attained by (6) and thus distorted
by the nonlinearity of PAs, have the highest relative error, the
CTC-DPD results, which are attained by the CTC-DPD and
suffering error propagation, have the middle relative error,
and the ICTC-DPD results, which avoid the distortion of PAs,
have the lowest relative error. The relative error of these tech-
niques does not monotonously decrease when feedback SNR
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FIGURE 2: Simulation results of magnitude relative error of coupling
coeflicient estimated by different techniques in a 2-output MIMO.
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FIGURE 3: Simulation results of phase relative error of coupling
coeflicient estimated by different techniques in a 2-output MIMO.

increases, because of the computing precision problem when
the feedback SNR is significantly high and the magnitude or
phase of coupling coefficient is significantly small.

Figures 4-7 show the simulation cancellation ability of
the cross talk between adjacent transmitting channels. The
simulation conditions are as follows: carrier frequency is
2.45GHz; 16 QAM is used with symbol rate 10 M/s; root
raised cosine pulse with 0.22 roll-oft factor is used for pulse
shaping. The analytical results are produced directly by (23),
and the simulation results are calculated according to (18).

X7T
0.1

0.09 1
0.08 |
0.07
0.06 |
0.05
004 77
0.03 |
0.02

Coupling coefficient phase error (¢)

0.01

0 .
-0.1 -0.08-0.06 -0.04-0.02 0 0.02 0.04 0.06 0.08 0.1
Coupling coefficient magnitude error (7)

—— ICTC-DPD, analytical
--- ICTC-DPD, simulation
-=-= CTC-DPD, simulation

FIGURE 4: Simulation results of cross talk cancellation ability contour
in a 2-output MIMO, where the cross talk delay of 0.4 ns is compen-
sated by the ICTC-DPD. It shows that the ICTC-DPD can achieve
higher cross talk cancellation ability than CTC-DPD when the same
phase error and magnitude error of coupling coeflicient estimation-
exist.
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FIGURE 5: Cross talk cancellation ability varies coupling coefficient
magnitude error when phase error ¢ = 0.037 in a 2-output MIMO.

The results shown in Figures 4-6 are of a 2-output MIMO,
where the cross talk delay of 0.4 ns (which relates to about
12 cm channel interval) is compensated by the ICTC-DPD.
Among them, Figure 4 gives the cross talk cancellation ability
changing with coupling coefficient magnitude error and
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FIGURE 6: Cross talk cancellation ability varies coupling coefficient
phase error when magnitude error # = 0.04 in a 2-output MIMO.
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FIGURE 7: Simulation results of cross talk cancellation ability contour
for the cross talk between adjacent channels in a 3-output MIMO
with ICTC-DPD.

phase error by contour lines, Figure 5 gives cross talk cancel-
lation ability changing with coupling coefficient magnitude
error when phase error ¢ = 0.037, and Figure 6 gives cross
talk cancellation ability changing with coupling coefficient
phase error when magnitude error # = 0.047. In these figures,
first, the ICTC-DPD analytical results are in accordance with
the simulation results, which proves the correctness of the
theoretical analysis. Second, the ICTC-DPD achieves higher
cross talk cancellation ability than the CTC-DPD when cross
talk delay exists and the cancellation ability improvement by
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FIGURE 8: Cross talk cancellation for a 2-channel transmitter. Before
cancellation, the coupled power in 20 MHz bandwidth is about
—30dBm, and after cancellation it is about =50 dBm, so the cross
talk cancellation is about 20 dB.

ICTC-DPD is more significant when the coupling coefficient
is more accurate, which prove the effectiveness of ICTC-
DPD for delayed cross talk. Third, the maximum value
and symmetric center of cancellation ability changing with
coupling coeflicient magnitude error # are not at 77 = 0, which
can be revealed by (23).

The results shown in Figure 7 are of a 3-output MIMO
with ICTC-DPD compensation. We can see that, first, the
contour lines of ¢ = 0 and ¢ = 0.2ns are almost the same;
that is, a cross talk delay estimation error of 0.2 ns leads to
insignificant cross talk cancellation ability loss in the ICTC-
DPD. Second, there is a little difference between the analyt-
ical results and the simulation results. This difference arise
s because analytical results have ignored cancellation error
items introduced by the other channels (from (20) to (21))
when the MIMO has more than 2 outputs.

To test our cross talk cancellation technique, we conduct
2-channel experiments based on the system model shown in
Figure 1. The first channel is driven by 20 MHz bandwidth
LTE signals with carrier frequency 2.45 GHz. The second
channel is not driven. The power spectrum of the signals at
the coupling port of directional coupler in the second channel
is measured.

The power spectrums without and with cross talk cancel-
lation are shown in Figure 8. Before cancellation, the coupled
power in 20 MHz bandwidth is about —30 dBm, and after can-
cellation it is about —50 dBm, so the cross talk cancellation by
our technique is about 20 dB across the 20 MHz bandwidth.

5. Conclusion

In this paper, an improved cross talk cancelling digital pre-
distortion with novel estimating technique and decoupling
technique is proposed, which can compensate the delayed
cross talk, nonlinearity, memory effect, and inconsistency
of MIMO transmitting channels. The cross talk cancellation
ability of the improved technique is analyzed and its closed-
form expression is derived. Simulation results prove that this
technique can achieve higher cross talk estimated accuracy
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and higher cross talk cancellation ability than the CTC-DPD.
Experimental results show that this technique can achieve
20dB cross talk cancellation for two channels transmitting
20 MHz bandwidth LTE signals at 2.45 GHz.

Appendix

Proof of (23). By substituting (19), (21), and (22) into (18), we
get

¥,
. E{lui Tl]) (1 +;7)e1‘/’u2(t—r —;4)|2} (A1)
E{Jus (¢ - )|}
The numerator in log(-) can be simplified as
E {'ui (t - Tij) - (1+7)e?y, (t ~ T - ;4)|2}
|ui(t—rij)| +(1+7) 'u t—T - )|2
= [ (£ =) {1 m) e (f-f 0]
[ e (== )] [ (- 5)] 7| (a2)
= Ri(0) + (1+7)" R; (0) = (1 +7) ¢ R, (1)
~(1+n) R (u)
= (2 +217+ 112) R;(0)-2(1+7)Re {Ri (w) eij"’} )
The denominator in log(-) can be simplified as
E{'ui( 7)) } R, (0). (A3)
Therefore, by substituting (A.2) and (A.3) into (A.1), (23) can
be attained. O
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