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ABSTRACT

In recent wireless communications, direct conversion transceiver or IF sampling SDR-based receivers have
being designed as an alternative to. conventional transceiver topologies. In direct conversion receiver
architecture, the frequency/phase offset between the RF input signal and the local oscillator signal is a major
impairment factor even though the conventional AFC/APC compensates the service deterioration due to the
offset. To cover the limited tracking range of the conventional method and effectively aid compensation
scheme in terms of I/Q channel imbalances, the frequency/phase offset compensation in RF-front end signal
stage is proposed in this paper. In RF-front end, the varying phase offset besides the fixed large fre-
quency/phase offset are corrected by using early-late phase compensator. A more simple frequency and phase
tacking function in digital signal processing stage of direct conversion receiver is effectively available by an
ingenious frequency/phase offset tracking method in RF front-end stage.
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| . Introduction "The direct conversion principle can meet the
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ever-increasing demand for realization of low
power, fully integrated and portable transceivers.
This new type transceiver is a cost effective
alternative to conventional heterodyne archi-
tecture counterpart, which requires an expensive
and non-integrated RF and IF filters. Many
workers have presented results emphasizing the
usefulness of the direct conversion topologies in
digital communication systems[1],[2]. However,
though the direct conversion technology provides
advantages of compact communication architec-
ture, low power consumption and flexibility to
adopt the SDR-based multi-modulation schemes,
there are some problems to overcome in direct
conversion topologies, which are main problems
affecting direct conversion receiver(DCR)[3],[4].
Many researches to overcome those problems,
which are DC offset, I/Q channel gain and
phase imbalances and even-order inter-modu-
lations, have been presented in the literatures
[4],[5]- These research results are mainly
compensation algorithms of gain and phase
imbalances occurring in 1/Q channel of quadra-
ture demodulator architecture. To compensate
the service deterioration due to these imperfect
factors, the compensation algorithms are mainly
processed in baseband signal processing stage.
However, the frequency and phase offset bet-
ween the RF input signal and the local oscillator
signal is a major impairment factor in direct
conversion receiver besides conventional hetero-
dyne receivers. The frequency and phase offsets
have been covered by automatic frequency and
phase tracking circuit in the conventional he-
tero-dyne receiver.

The frequency and phase instability of local
oscillator signal, however, may be increased and
it can be more difficult to track the offset in
conditions of some processing data rate as the
input RF signal frequency is increased. Therefore,
though the common automatic frequency and
phase tracking circuits can be utilized in direct
conversion receiver, the frequency and phase
offset in direct conversion receiver may not be
compensated by the conventional automatic
frequency/phase tracking loops. In general, this
phenomenon can be occurred even in conven-
tional hetero-dyne receiver by a limited tracking

range or white noise enhancement in wide-
tracking range[6].

In RF-front end stage, the frequency and
phase offset can be compensated by advanced
digital signal processing techniques. By an
ingenious frequency and phase offset tracking
method in RF signal input stage, a more simple
frequency/phase tacking function can be de-
signed to provide the fine tuning in digital
signal processing stage of direct conversion
receiver. Based on the digital signal processing
techniques in RF-front end, the frequency/phase
offset compensation method between the
input signal and the local oscillator signal is
proposed in this paper.

In RF-front end, the varying phase offset
besides the fixed large frequency and phase
offset are corrected by using an early-late phase
compensator. It is possible to process the sam-
pled RF signal by advanced IF sampling and
related semi-conductor techniques. To improve
the compensation performance in low signal-
to-noise ratio channel, the signal-to- noise ratio is
enhanced by the accumulator in RF input signal
stage. The new frequency and phase offset
compensator in RF-front stage corrects the offsets
very well even in low signal-to-noise channel.
The proposed architecture can be integrated in a
customized on-chip for direct conversion receiver
as well as conventional IF sampling architecture.
The validity and compensation performance of
the proposed topology is verified by system
simulations. . '

il. Phase Correction Model using
Early-Late Compensator

1. Effect due to Phase Offset

In direct conversion receiver, though the
conventional direct conversion topology is
usually used, the six-port topology can be used
as shown in Fig. 1[2].

The input RF signal may be expressed by
HD=a ,Acos@r f t+6) +b ,AsinQr f .t+6) +7(D

1
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Fig 1. Six-port direct conversion receiver, (a) diagram
of six-port and (b} diagram of phase correlator.

where f. denotes a carrier signal frequency, A

is amplitude of an input signal, [a,.b,]
expresses the transmitting symbol signal of I/Q

channel and ¢ is the phase offset of a RF input
signal. :

The RF input signal (1) can be re-written by

W B=y,0,(t)+y.0,(t)+n(d

o (D= 2 cos(2nf 1 +0)

P D= %= sin@z £ 1+6) @

where 7 denotes the
transmission signal.

In case of phase offset ¢, the output signals
of power detector from Fig. 1 are expressed by

symbol duration of

u= (JL ()%= [y 24+ 2L (t)lly (t)sin6)/4
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u,=(— L)%+ ly(®)]2+2]L (tly(t)] sin8)/4

uz=(— L)%= |y E=2IL (t)ily(t)| cos 6)/4

u =L 2+ 1y (D] 2=21L ()lly (£)| cos 6)/4
3

where Lot) is the local oscillator signal that

may be expressed by €0S @nf.t).
From Fig. 1, the output signals through the
adder are also written by

a (D=|cosQCr f DIx|y(¢)Ixcos(6)
b (D =1sinQx f .)x| y(¢)|xsin(8) )

Therefore, the n-th symbol signals of the
recovered transmission signal are deduced as
follow:

nTs
"= f( DT lcos @xf £)Ix|y(#)Ix cos(0) dt

7
nTs
Q= [77 | Isin@af Hy(Dixsin@ e ©)

10" 4
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—A— Phase offset : 45~55°
—w— Phase offset : 35~45°
——&— Phase offset : 25~35°

10°
T T T L T '?—'
0 2 4 [ 8 10
Eb/No (dB)

Fig 2. The effects due to the phase offsets for
‘ DQPSK.

It is seen from (5) that the recovered signals
are affected by phase offset between the RF
input signal and the local oscillator signal. The
degradation performances due to phase offsets
are shown in Fig. 2.

It is known that the effect due to phase offset
is larger as the phase offset is increased. It is
also clear that the phase offset has a significant
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effect on the service performance. Therefore, it is
necessary to effectively compensate the phase
offset in RF front-end stage.

2. Phase Offset Correction

To compensate the phase offset between a RF
input signal and a local oscillator signal, the
phase offset correction using the early-late phase
compensator in RF front-end stage is used as
shown in Fig. 3. In Fig. 3, the phase offset n-th
symbol may be expressed by between a local
oscillator signal and a RF input signal is
estimated in an early-late phase compensator.
The estimated phase error is applied as addi-
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Fig 3. (a) Block diagram of phase offset correction
using the early-late phase compensator and (b)
early-late phase compensator.

tional phase signal to the local oscillator. There-
fore, the phase offset is compensated by the
feedback phase signal of the early-late phase
compensator. To estimate the phase offset, the
local oscillator signal is generated as signal
components of cos(2ft) and sin(2ft) by 90° phase
shifter. These signal are used to recover the I/Q
channel signals, respectively. Also, the signal
components of the local oscillator signal are
generated as an early and a late signal with
phase shifting factor( @) of the early-late phase
shift unit, respectively. From Fig. 3, the early-late
phase shifted signals are sampled with sampling
rate of K=T./T,, T.=1/f and the k-th
sampled signals of n-th symbol may be expre-
ssed by

2550 = cos 2n2E + )
2% (k)= sin(27r—’;(}i +a)
z e (k)= cos (27r—7;-{/g —a)

248,(B) = sin@r% - ) (6)

These sampled signals of (6) are added as
symbol unit after multiplication with the RF
input signal and the added signals are multiplied
by itself as follows:

(n+I(K~1)__
yim= [ é N

(n+] -
rEM(m)= [ P %(ﬁy)(k)]
(n+ L(K-1)_ 2
y e (n)= [ z 4e (k)]
(n+IXK-1_ )
7y (n)= [ ’ "”(e,,)(k)]
k=nK

where Z(k) denotes the multiplied signal of a
sampled RF input signal of (1) and a sampled
local oscillator signal (6).

The multiplied I/Q channel signals (7) have
the correlation information between the early-late
local oscillator signal and the RF input signal
with phase error. Therefore the phase offset can
be estimated by using the correlation values. To
more accurately estimate the phase offset, the
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correlation values for 1/Q channel are used in
estimation of the phase offset. From Fig. 3, the
multiplied [/Q channel signals are added for
early and late signals, respectively.

7 oM = 7 FE() + ¥ E(n)

7 wekm) = v ¥ (n)+ 7 5%(n) O]

Using all the correlation information for 1/Q
channel signals from (8), the phase error can be
estimated from difference between early and late
correlation values:

(1) = By (W)~ 7 e (1) 9

It is clear that the estimated correlation of
e(n) gets the information of phase error.

To find an actual phase error corresponding to
the estimated correlation values of (9), the
look-up table following the early-late phase
compensator is required as shown in Fig. 3. The
look-up table is generated by using the same
method with the early-late phase compensator.
The theoretical correlation values corresponding
to phase offsets of RF input signals, which may
be the measured data, are memorized in look-up
table unit.

For the look-up table generation, the pha-
se-shifted local oscillator signals from (6) can be
expressed by

I early(k _ (K=1) k
o (k) = ;0 cos(2x K+a)

(k=1
lo (k)= ;0 COS(Z”’%—G)

; (K=1) | k
o5 (k= ;0 sin2r— + a)
(K=1) 10
o= "5 sinr L - (10)

Assuming that the data in I/Q channels are
transmitted as @,=1 and b5,=1, the RF input
signal of n-th symbol with phase error 8 can be
written by

- (=1
PR Z}O [ cos @r f.nk/K+6)

+ sin@@x f.nk/ K+ 60)]1 + 7(n) (11)
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Then, the correlation functions for phase error
estimation are also expressed by

K1
et = 5 Lot (D + o™ (D1x5 (P
K- ~
r4n) = S Lo (B +lo e (D)X P
(12

From (12), the theoretical phase errors co-
rresponding to (9) are deduced by

e(n) =y (n) =y 4(n) (13)

Using (13), the look-up table can be generated
as shown in Table 1. The look-up table was
generated under conditions of phase error unit

" of 10° and phase shifting factor a of /6. The

correlation values of phase error estimation
functions were normalized as an amplitude unit
of 1.

Table 1. Look-up table

I:;fsre 7% (n) 7%(n) |e(n)
0° 0.866 0.866 0
10° 0.766 0.9397 -0.1736
20° 0.6428 0.9848 -0.342
30° 0.5 1 -0.5
40° 0.342 0.9849 -0.6428
50° 0.1736 0.9397 -0.766
60° 0 0.866 -0.866
70° -0.1736 0.766 -0.9397
80° -0.342 0.6428 -0.9848
o0° -0.5 05 -1
-10° 0.9397 0.766 0.1736
-20° 0.9848 0.6428 0.342
-30° 1 05 0.5
-40° 0.9848 0.342 0.6428
-50° 0.9397 0.1736 0.766
-60° 0.866 0 0.866
-70° 0.766 -0.1736 0.9397
-80° 0.6425 -0.342° 0.9848
-90° 05 -0.5 1




48 W 507094 Early-Late 914 24718 A48 94 28 &

o

The phase error differences to compensate the
phase offsets may be occurred between the
estimated phase errors and theoretical values
from (9) and (13). Therefore, the actual phase
error to compensate the phase offset is estimated
by comparing the estimated phase error, &(6)
and theoretical phase error, e():

b= arg 6m1n le(6) _’é( )l (14)

where 9 is an actual phase error to compensate
the phase offset and is a value that minimizes
the absolute value of f{e(8)—e(8)}.

Then, the phase-compensated signal is fed to
the local oscillator of the six-port direct con-
version receiver:

Lo(t)= cosQnf.t+ ) (15)

In estimation of phase offset between the RF
input signal and the local oscillator signal, how-
ever, the phase offset is estimated every N-
symbols block. In fact, it is not possible to
estimate the phase offset every symbol unit
because of the delay of the early-late phase
compensator. To compensate the slowly varying
phase error in N-symbols block, also, the early-
late phase compensator corrects the phase error
in N-symbols block by using the recursive
method:

An+1)=(1—p) - e(n)+o-eln+l) (16

where p is the weighting factor less than 1,
which is a value between &(x) and 2(x+ 1)}

Il ‘Accumulation for White Noise

The phase error is compensated by using the
early-late phase compensator that estimates the
correlation between a local oscillator signal and a
RF input signal with the fixed or varying phase
offset. The input RF signal is fed to the early-late
phase compensator with noise component as
shown in (1). The correlation values are in-
fluenced by additive white gaussian noise

feeding to the RF signal port. To estimate the
accurate phase offset, it is important to diminish
the effect of additive white gaussian noise. The
early-late phase compensator with accumulator,
which reduce the effect of additive white
gaussian noise, is shown in Fig. 4.

>0
Correlator
%—» 0,(0

y{t)

Accumulator

Early-late
Phase B
Compensator

Early LO
signal

Late LO
signal

Look-up
Table

Fig 4. Block diagram of phase offset correction
with accumulator.

As shown in Fig. 4, the RF input signal is fed
to the early-late phase compensator through the
accumulator. The RF symbol signal is accu-
mulated as the accumulation length of N-sym-
bols. The accumulator adds each symbol of
accumulated N-symbols signal. Then, the effect
of additive white gaussian noise can be miti-
gated by the accumulator.

The accumulator performs the accumulation as
an unit of N-symbols of the RF signal that was
sampled as K sampling rate per symbol:

. N K
V= Zy B (kT 17

0

IV. System Simulation and Performance

1. Performance of Accumulator in the
Presence of White Noise

The performances of accumulator dependent
on the accumulation length N are shown in Fig.
5, which have conditions of 2 dB SNR.

It is shown from Fig. 5 that accumulator
reduces the additive white gaussian noise com-
ponent by accumulation. Also, it is clear that the
effect of noise cancellation is enhanced as the
accumulation length N is increased.
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Fig 5. RF signal waveform dependent on the
accumulation length N (SNR=2 dB).

To find the influence of accumulation length
according to signal-to-noise ratios, the phase
differences between the real phase error and the
estimated phase error were simulated under
conditions of DQPSK modulation and phase
shifting factor @ of #/6. Fig. 6 shows the phase
error difference dependent on the accumulation
length at SNR of 2 dB. In low SNR signal, the
phase error difference is fluctuated in large
range as the accumulation times are increased.
On the other hand, the fluctuation may be
mitigated as the accumulation length ‘is in-
creased. However, the accumulation times can be
decreased in case of the signal with more high
SNR. Fig. 7 shows a good phase error estimation
performance even condition of low accumulation
times in case of the SNR signal of 4 dB.

In compared with Fig. 6, it is shown that the
phase offset in high SNR signal is more
accurately estimated even accumulation times
less than that of low SNR signal. Therefore, the
phase error difference can be negligible even
case of the low accumulation length, if the RF
input signal with high SNR is fed to the
accumulator. :

2. Performance of Early-late Compensator for
Phase Correction

The performances of the proposed early-late

phase compensator using an accumulator are
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Fig 6. Phase difference performance dependent on
accumulation times at SNR of 2 dB, (a) accumulation
length =1 and (b) accumulation length =20.

shown in simulation results. Assuming that the
modulation scheme of DQPSK and accumulation
length of 50 symbols is used in DCR archi-
tecture, the proposed method was verified by
using the system simulation.

Fig. 8 shows the performance characteristics of
phase offset correction used the early-late phase
compensator with accumulator in the presence of
random phase offset. In Fig. 8, the phase offset
means a random phase error that is occurred in
some fixed range. Therefore, the phase error of
25° to 35° means the random phase offset that is
generated in range of 25° to 35°. The phase error
is compensated in the early-late phase compen-
sator by the unit of data block. In the random
phase offset of 45° to 55°, the performance
degradation is occurred to 4 dB relative to an
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Fig 8. Performance of six-port DCR using the

early-late phase compensator in the presence of
random phase offset.

ideal case with no phase offset. However, it is
shown from Fig. 8 that the proposed early-late
phase compensator effectively corrects the phase
offset, which approaches the ideal performance.’

In case of the slowly-varying phase error, the
proposed recursive phase offset compensation
method corrects the phase error very well, which
is shown in Fig. 9. It is clear from Fig. 9 that the
performance for the slowly-varying phase error
in range of 0° to 40° agrees with the ideal
performance after phase offset compensation.
However, the time delay is occurred in accu-
mulator, if the accumulation length N in an
accumulator is increased. In the viewpoint of
implementation, the time delay corresponding to
the delay is necessary in the RF input signal
path. Therefore, it is necessary to be imple-
mented as the proper accumulation length N

—u=—no phase error
10°4 —e—0°~40° slow phase error
—A— after compensation

T T T L A T
0 2 4 6 8 10
Eb/No (dB)

Fig 9. Performance of six-port DCR using the
recursive early-late phase compensator in the
presence of slowly varying phase offset.

according to transmission channel conditions.
Fig. 10 shows a mean square error (MSE) curve
that means the difference between the estimated
phase error and the real phase error:

N-—

_‘]lv n=01|/é( n) — e( )l (18)

It is shown from Fig. 10 that the phase offset
can be compensated very well under- low
accumulation length in case of high SNR signal.
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Fig 10. MSE performance of phase error dependent
on accumulation lengths.

The proper accumulation length can be used
according to the required channel environment.

V. Conclusions

The frequency and phase offset between the
RF input signal and the local oscillator signal
affect the transmission performance -as a major
impairment factor in direct conversion receiver,
though the frequency and phase offsets may be
covered by the same automatic frequency and
phase tracking circuit with the conventional
hetero-dyne receiver. Using the early-late phase
compensator and accumulator in RF-front end
signal stage, the frequency and phase offset
compensation method between the RF input
signal and the local oscillator signal was
proposed in this paper. ‘

The conventional 1/Q imbalance compensation
processor in baseband signal processing stage of
a direct conversion receiver can be designed as a
fine frequency and phase tacking function by an
ingenious frequency and phase offset tracking in
RF input stage. Also, the conventional I/Q
imbalance compensation processor can be de-
signed with a simple architecture. The proposed
phase offset compensation corrects the varying
phase offset besides the fixed large frequency
and phase offset. Furthermore, the phase offset
compensation corrects the wide phase error over
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the limited tracking range of conventional fre-
quency and phase offset tracking method. It has
been found that the compensated performance
by using the proposed method approaches the
ideal performance with no phase error. In the
viewpoint of design, also, it is possible to
implement the accumulator with a proper accu-
mulation factor.
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