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JO-MODULATOR PRE-DISTORTION

TECHNICAL FIELD

The present invention relates generally to an apparatus for compensating

and linearizing a non-linear IQ-modulator (EIn-phase, Q=Quadrature phase).

BACKGROUND

A direct-IQ radio architecture comprises base band data modification, digi-
tal-to-analog conversion (DAC), and analog IQ-quadrature modulation to fi-
nally bring a complex HjQ signal to radio frequency (RF). The IQ-modulator
exhibits a DC-component, an amplitude error and also a phase error. Both of

the branches (Iand Q) of the IQ-modulator suffer from this imbalance.

In order to get a better power budget in the direct-IQ radio architecture for
digital pre-distortion (to compensate for imperfections of the power ampli-
fier), the analog IQ-modulator is foreseen to be driven by a higher input
power. As a result, the mixer parts of the IQ-modulator tend to become in-

herently non-linear on top of the linear amplitude and phase imbalance.

Today, no specific solution exists as how to linearize an IQ-modulator. Ab-
sence of a linearizer gives rise to added unwanted signal inter-modulation
due to high power usage of the IQ-modulator. There is a need to counteract
the non-linearities in order to meet specifications and at the same time keep

a good power efficiency budget.

SUMMARY

An object of the present invention is an IQ-modulator pre-distorter for com-

pensating for these errors.
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A further object is a base station including such an IQ-modulator pre-

distorter.

These objects are achieved in accordance with the attached claims.

Briefly, the present invention solves this problem by using separate itera-
tively updated digital filters to compensate for amplitude errors and inter-

modulation errors and iteratively updated offset compensators.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention, together with further objects and advantages thereof, may best
be understood by making reference to the following description taken together
with the accompanying drawings, in which:

Fig. 1 1s a simple block diagram illustrating the principles of an IQ-
modulator;

Fig. 2 is a model of an IQ-modulator illustrating various error sources;

Fig. 3 is a block diagram of a first embodiment of an IQ-modulator pre-
distorter in accordance with the present invention;

Fig. 4 is a block diagram of a first embodiment of a base station includ-
ing an IQ-modulator pre-distorter in accordance with the present invention;

Fig. 5 is a block diagram of an embodiment of a power amplifier pre-
distorter suitable for use in a second embodiment of a base station in accor-
dance with the present invention;

Fig. 6 is a block diagram of a second embodiment of a base station in-
cluding an IQ-modulator pre-distorter in accordance with the present inven-
tion;

Fig. 7 is a block diagram of a second embodiment of an JQ-modulator
pre-distorter in accordance with the present invention; and

Fig. 8 1s a block diagram of a third embodiment of an IQ-modulator pre-

distorter in accordance with the present invention.
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DETAILED DESCRIPTION

The following description will concentrate only on elements that are relevant
for explaining the present invention. Other elements, such as filters, signal
encoders, channel encoders, etc., which are obvious for a person skilled in the

art have been omitted to avoid cluttering of the drawings.

Fig. 1 1s a block diagram of an analog IQ-modulator. The IQ-modulator in-
cludes a local oscillator 10, the output signal of which multiplies the I-
component of a signal that is to be transformed to RF in a mixer 12. The
output signal from local oscillator 10 is also forwarded to a 90° phase shifter
14 and then to a second mixer 16 for transforming the Q-component of the
input signal to RF. The transformed signals from mixers 12, 16 are then

combined in an adder 18 to form the desired RF-signal.

Since the two local oscillator signals are phase shifted 90°, the two compo-
nents can be regarded as being “orthogonal”. If, however, there is an error in
the phases of the mixing signals from the local oscillator and also a gain dif-

ference, then the I and Q-branches are not orthogonal any longer. This will

lead to leakage between the branches.

In addition to the pure orthogonality imbalance, each branch has non-linear
eifects. It is believed that these come from phase-modulation of the mixing

signals from the local oscillator.

Iig. 2 1s a simple example model of an IQ-modulator illustrating various POS-
sible error sources. In this model the Fcomponent is amplified by a gain A,

combined with a DC offset DCA and multiplied by a mixer signal

cos(a)ot+(b PRy 2y (t)) to produce the transformed or up-converted RF-signal

Irp. The up-conversion of the Q-component is modeled in a similar way.

Mathematically the model can be expressed as:
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{]RF (I):'(](t)’A"‘DCA)'COS(a)-Z‘—I-(DA—l—k.](j))
Owe (1) =(Q() B+ DCB)-sin(w -1+ @ +c-O(r)) (1)

The up-converted signals are then combined to form the RF-signal:

(1) = Lz () + O (1) (2)

Basically the IQ-modulator is seen as having two input ports that each have
their own non-linearity. As there are two separate branches, it is necessary
to have two separate non-linear compensators for this. In view of Fig. 2 the
local oscillator signals each have a phase modulation, which gives frequency

inter-modulation on the I and Q-signals (the phase offsets that include the k

and c factors).

As will be shown below, the IQ-modulator errors can be counteracted by digi-
tally pre-distorting the IQ-signal at base band using iteratively updated filter
structures 1n which the filter taps depend on the values of the I- and O-

components. These filter structures may, for example, be updated in accor-

dance with the LMS-algorithm (Least Mean Squares) as:

4

1 N
81y (0) =8l () + 1y (B) = D Re{yyp} (Re{x,} ~Re{y,})
< ]xk-d(g)IEM b
, N q=0,....M (3}
801 (8) =80, (B)+ 150 () = D, Im{xyp} (Im{x} ~Tmy,})
| lxk_d(q)lEMb
) | N
clQ, . (b)=clQ, , (b)+ o0 (D) -N_{ Zl Im{x_yi ) (Refx, } —Re{y,})
xk—d(q)EMb
< . q=0,...,K(4)

CQ[q,f-H (b) = CQ‘[q,i (b) T Heor (b) ' —]1\7l Z Re{‘xk—d(q)} (Im{x, } —Im{y,})

xk-*d(q)‘EMb

\.
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1 N
dC]i-{-l — dCII- -1 /ud(: ’_Z(Re{xk}—Re{yk})
) N k=1 (5)

1 N
dcQy,, =dcQ; + Hy, WZ(Im{xk} —Im{y,})
k=1

\.

Here equation (3) represents filter taps gIQ, gQq for filtering the I- and Q-
components to compensate for amplitude errors generated by the IQ-
modulator without regard to the inter-modulation error. The inter-
modulation is handled by the filter taps gIQq, gQI; in equation (4), and offset
errors are handled by dcl, dcQ in equation (5).

In equations (3)-(5) xx and yx represent the IQ-modulator pre-distorter input
signal (reference signal) and a down-converted IQ-modulator outplft signal,
respectively. These signals will be further illustrated in Fig. 4. It is noted that
these signals are regarded as complex, i.e. they have a real part and an
imaginary part (corresponding to the I- and Q-components). The xx and yx

signals are also assumed to be time synchronized and phase-locked.

Furthermore, in equations (3)-(5)
g is an index representing a delay d(q),
the various u:s are loop constants
b identifies a filter tap bin,
{is an iteration index,
N is the number of input samples of reference signal x in a sample

batch that have an amplitude that falls within a window Mp around the cen-

ter amplitude of bin b,

M, K represent the number of filter taps +1.

In equations (3)-(4) a different number (M+1 and K+1, respectively) of filter
taps is used. However, it is also feasible to use the same number of filter
taps for gIQ, gQq and gIQq, gQl;. Furthermore, It is also possible to have dif-
ferent windows M, for the two cases. A simplification can be obtained by let-

ting each (or at least some) of the loop constants be independent of the bin b.
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Furthermore, in the extreme case where b covers the entire range of Iand O,
the filter taps will be independent of the current values of the input signals
(for example gly(b) will not depend on b). As indicated by index g, the delay
d(g) depends on g. In the simplest embodiment d(g) is simply set to g. Other

embodiments may use multiples of g.

Fig. 3 is a block diagram of a first embodiment of an IQ-modulator pre-
distorter in accordance with the present invention based on equations (3)-(9).
In this embodiment there are only 2 filter taps (M=1) to avoid cluttering of
the drawing. However, it is appreciated that more filter taps are feasible in a
practical embodiment. The Icomponent is multiplied by filter tap gl, the
value of which depends on the value of the Icomponent itself. The I
component is also forwarded to a delay element D, and the delayed signal 1s
multiplied by filter tap gIi, the value of which depends on the value of the
delayed I<component itself. The multiplied signals are then added. The I-
component is processed in a similar way by filter taps glQo, g/Q:. However,
the resulting signal is not maintained in the I-branch. Instead it is cross-
coupled over to the Q-branch, where if is added to the Q-component after the
Jatter has been filtered by filter taps gQo, gQ:. Similarly, a cross-coupled sig-
nal from the Q-branch is added to the filtered I<component. Finally, the ofi-
sets dcl, dcQ are added to the I- and Q-branch, respectively.

Fig. 4 is a block diagram of a first embodiment of a base station including an /Q-modulator pre-
distorter in accordance with the present invention. An /Q-modulator pre-distorter 20 is con-
nected to a DAC 22 (Digital-to-Analog Converter). The analog pre-distorted /Q-vector is for-
warded to an /Q-modulator 24, and the up-converted RF-signal is amplified by a power ampli-
fier 26 for transmission by an antenna. The output of /Q-modulator 24 is also connected to a
mixer 28, which down-converts the RF-signal to IF (Intermediate Frequency). The IF-signal is
digitized in an ADC 30 (Analog-to-Digital Converter). The digitized IF-signal is further down-
converted and transformed into an /Q-signal by a digital /Q-demodulator 32. /Q-demodulator
32 is connected to a pre-distorter trainer 34 for determining the actual pre-distortion. The com-
plex input signals x, and y; to trainer 34 have been indicated in Fig. 4. After determining the

ore-distortion, for example in accordance with the procedure described by equations (3)-(5),
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trainer 34 forwards the filter taps to pre-distorter 20. The filter taps may be updated every sam-

ple period or at more spaced time intervals. The updating of the filter taps has been indicated

by the unconnected arrows on the taps in Fig. 3.

In Fig. 4 it is noted that there is a power amplifier 26. Since a power amplifier
also is a non-ideal component, it is desirable to compensate for errors gener-
ated by the amplifier by including a power amplifier pre-distorter. Any suitable
power amplifier pre-distorter may be used for this purpose. However, such a
pre-distorter may also be based on iterative methods, such as LMS algorithms.

For example, it may use complex filter taps based on the following equations:

R ]
Tq,i+1(b) = Tq,f(b) +Juq(b) '}'\}"l Z‘:M (xk _yk) .xk-—-q q = 0,. ‘ .,L (6)

where “” denotes complex conjugation.

Although L is used to represent the number of filter taps (which is L+1), it 1s
appreciated that the number of taps can be the same as in one of equations
(3)-(4) (or in both equations if M=K). Furthermore, the window M, need not be
the same as for the IQO-modulator pre-distorter. A simplification can be ob-

tained by letting each (or at least some) of the loop constants be independent
of the bin b.

Fig. 5 is a block diagram of an embodiment of a power amplifier pre-distorter
suitable for use in a second embodiment of a base station in accordance with
the present invention. This power amplifier pre-distorter is based on filter taps
determined, for example, in accordance with equation (6). In this example the
filter includes 3 filter taps. A complex input signal x=[+JQ is multiplied by the
first filter tap To, the value of which is determined by the amplitude | x| of the
input signal. The input signal x and its amplitude |x| are delayed and the de-
layed signal is multiplied by filter tap T3, the valued of which is determined by
the delayed amplitude. After a further delay another multiplication 1s per-
formed by T:. Thereafter the multiplied signals are added to each other to form
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a signal z that is pre-distorted to counteract errors generated by a power am-

plifier. The updating of the filter taps has been indicated by the unconnected

arrows on the taps in Fig. 5.

Fig. 6 is a block diagram of a second embodiment of a base station including
an [Q-modulator pre-distorter in accordance with the present invention. This
embodiment integrates IQ-modulator pre-distorter 20 with a power amplifier
pre-distorter 34 in the same control loop. Power amplifier pre-distorter may,
for example, be implemented as in Fig. 5. It is noted that in this case the RF-
signal that is down-converted to trainer 34 is taken from the power amplifier
output instead of the IQ-modulator output. Furthermore, trainer 34 now up-

dates both pre-distorters.

In one embodiment trainer 34 may update the various filter taps in accor-
dance with equations (3)-(6). However, it has been found that the integrated

control loop in Fig. 6 works even better if equations (3)-(4) as slightly modified
to: |

( N

1
&y ()= 81y, (D)4 1y (0) = 2, Relxy}Refx}—Rey,})
zk—d(q)‘EMb
< , y qg=0,....M (7)
80,1 (0)= 80, (0)+ 1 () = 2, Iy} (I} ~Im{y, )
| Zk—d(q)IEMb

-

1 N
cl Qq,i-i—l (b ) = cl Qq,i (b ) + Ko (b ) ' "ﬁ' 2 Im{xk-d(q)} (Re{x,}—Re{y,})
‘Zk-d(q)IEM b
4 | " q = 0, . .,M (8)
CQ‘[q,i-!-l (b) = CQ]q,i (b) + lLlch (b) . —"A? % Re {kad(q)} (Im{xk} _ Im{yk })
! zkud(q) EMb

The difference is that the output signal z from power amplifier pre-distorter
36, instead of input signal x, is used to determine whether a sample is in-
cluded in interval Mp or not. In the actual summation, however, input signal

x 1s still used. One reason for this modification is that it handles IO-
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modulator non-linearities better than the original equations (3)-(4). In Fig. 6

this possible modification has been indicated by the dashed lines to trainer
34.

To prevent from overcompensation and competition between the algorithms,
one of the gain parameters (gl or gQ) and one of cross coupling parameters
(cIQ or cQl) may be set to constants. This divides the responsibility between
the power amplifier pre-distorter and the IQ-modulator pre-distorter. The IQ
compensation becomes a slave and is only compensating the error in the dif-
ference between I-signal and Q-signal. The power amplifier pre-distorter will

have the main responsibility for gain, phase and linearization compensation.

Fig. 7 is a block diagram of a second embodiment of an IQ-modulator pre-
distorter in accordance with the present invention based on the comments in
the previous paragraph. This simplified embodiment can be used in the base
station in Fig. 6 instead of the embodiment of Fig. 3. For the JIQ-modulator pre-

distorter in Fig. 7 equations (3)-(4) are reduced to:

gl (b)=1
1 & _
800 (580, (B) i (B) > 3. i) G-Ity 470 O
lzk—d(q)‘EM b
fcIQq,,. (6)=0
" AN g=0,...,M (10)
CQIq,m (b) = CQ[(]J (b) + Heor (b) . --N— ZI Re{xk-d(q)} .(Im{xk} _ Im{yk}) gases
zk—a'(q) GMb

However, it should be noted that since there is no significant difference be-

tween the I- and Q-components of an IQ-signal. the roles of I and Q may be

reversed in Fig. 7 and equations (9)-(10).

Fig. 8 is a block diagram of a third embodiment of an IQ-modulator pre-

distorter in accordance with the present invention. This embodiment difiers
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from the embodiment in Eig. 7 by having a cross-connected digital filter from

the I-branch to the Q-branch instead of from the Q-branch to the Ibranch. In

this embodiment equation (10) is replaced by:

,. , y
clQ, ., (b)= cIQ, ,(b)+ s (b): ~ > Im{x, ;. } (Re{x,} ~Re{y,})
zk—-d(g)'EMb q=0,...,M (11)

cQI . (b)=0

.

The IQ-modulator pre-distorter in accordance with the present invention may
be implemented as an FPGA (Field Programmable Gate Array) or ASIC (Ap-
plication Specific Integrated Circuit). Another possibility is to use a micro

processor or a micro/signal processor combination and corresponding soft-

wdre.

The filters can also be made symmetric with both positive and negative de-

lays.

The mnvention described above has several advant&iges:
- There 1s no need to model the system.
- The necessary calculations are simple.

- The implementation is cost efficient.

- IQ-modulator error compensation is possible for large bandwidth signals.

It will be understood by those skilled in the art that various modifications
and changes may be made to the present invention without departure from

the scope thereof, which is defined by the appended claims.
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CLAIMS

1. An IQ-modulator pre-distorter, including

an 1teratively updated digital filter (gQo, gQi) for filtering one of the
branches of an IQ-signal to compensate for IQ-modulator generated amplitude
errors;

an 1teratively updated digital filter (cQlp, cQI;), cross-connected from one
of the branches to the other branch, for filtering one of the components of an
IQ-s1gnal to compensate for IQ-modulator generated inter-modulation between

the branches; and

iteratively updated offsets compensators (dcl, dcQ) to compensate for IO-

modulator generated offset errors.

2. The pre-distorter of claim 1, including two iteratively updated digital filters
(9Qo, gQ1, g, gli) for filtering each branch of the IQ-signal to compensate for

IQ-modulator generated amplitude errors in each branch.

3. The pre-distorter of claim 1 or 2, including two iteratively updated digital
filter (cQlo, cQI1, clQo, clQj), cross-connected from a respective branch to the
other branch, for filtering both IQ-signal components to compensate for IQO-

modulator generated inter-modulation between the branches.

4. The pre-distorter of any of the preceding claims, wherein each filter tap is
implemented as a lookup table, the filter tap value of which depends on the

value of the signal it multiplies.

S. A combined power amplifier and IQ-modulator pre-distorter, including a
power amplifier pre-distorter connected to an IQ modulator pre-distorter in

accordance with claim 1.

6. The combined pre-distorter of claim 5, wherein the power amplifier pre-

distorter includes an iteratively updated complex filters (Ty), the filter taps of
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which are implemented as lookup tables, whereby each filter tap value de-

pends on the amplitude of the signal it multiplies.

7 A base station including an IQ-modulator pre-distorter, said IQ-modulator
pre-distorter including

an iteratively updated digital filter (gQo, gQi) for filtering one of the
branches of an IQ-signal to compensate for IQ-modulator generated amplitude
errors;

an iteratively updated digital filter (cQlo, cQI1), cross-connected from one
of the branches to the other branch, for filtering one of the components of an
10-signal to compensate for IQ-modulator generated inter-modulation between

the branches; and

iteratively updated offsets compensators (dcl, dcQ) to compensate for IQ-

modulator generated offset errors.
8. The base station of claim 7, including two iteratively updated digital filters

(gQo, gQi, glo, gli) for filtering each branch of the IQ-signal to compensate for

I0-modulator generated amplitude errors in each branch.

0. The base station of claim 7 or 8, including two iteratively updated digital
filter (cQly, cQl1, clQo, cIQ1), cross-connected from a respective branch to the
other branch, for filtering both IQ-signal components to compensate for Q-

modulator generated inter-modulation between the branches.

10. The base station of any of the preceding claims 7-9, wherein each filter tap

is implemented as a lookup table, the filter tap value of which depends on the

value of the signal it multiplies.

11. A base station including a combined power amplifier and IQ-modulator
pre-distorter, said combined pre-distorter including a power amplifier pre-

distorter connected to an IQ modulator pre-distorter in accordance with claim
7.
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12. The base station of claim 11, wherein the power amplifier pre-distorter in-
cludes an iteratively updated complex filters (Ty), the filter taps of which are

implemented as lookup tables, whereby each filter tap value depends on the

amplitude of the signal it multiplies.
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