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This paper proposes a receiver that repeats iterative frequency-domain equalization (FDE) and decision-directed phase noise
compensation (DD-PNC) to alleviate degradation due to the phase noise for millimeter-wave single carrier (SC) systems. High
bit-rate SC-FDE transceivers based on the single-chip Si RF-CMOS IC technology in the 60-GHz millimeter-wave band have
been extensively studied for wireless personal area network (WPAN) systems, and the relatively large phase noise in a phase-
locked loop (PLL) synthesizer severely degrades transmission performance. In an initial processing of the proposed receiver, a
cyclic prefix (CP)-based phase noise compensator (CP-PNC) removes the phase noise from a time-domain received signal by
using CP, which is known to the receiver, and the channel is equalized by the iterative FDE using the conventional minimum
mean-square-error (MMSE) weight. In an iterative processing, DD-PNC estimates the phase noise each symbol by exploiting
an output of a channel decoder, and then compensates the time-domain received signal for the phase noise by using the esti-
mate. In order to equalize the compensated received signal, the iterative FDE performs both the MMSE filtering and residual
inter-symbol interference cancelation using the decoder output. Computer simulations following the 60-GHz WPAN standard
demonstrate that in the 64QAM with the coding rate of 3/4, the proposed receiver with three iterations can drastically remove
the phase noise of 285 dBc/Hz at 1 MHz offset, and that it can achieve excellent transmission performance.
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I . I N T R O D U C T I O N

Wireless personal area network (WPAN) systems in 60-GHz
millimeter-wave band have been extensively studied, and
60-GHz WPAN standardization in IEEE 802.15.3c investi-
gates both single carrier (SC) transmission employing
frequency-domain equalization (FDE), which is called
SC-FDE, and OFDM (orthogonal frequency division multi-
plexing) transmission because of indoor multipath channels
[1–4]. Moreover, single-chip RF-CMOS ICs based on the
silicon (Si) technology for the 60-GHz WPAN transceiver
have been developed to reduce power consumption and cost
[5]. However, the relatively large phase noise from the phase-
locked loop (PLL) synthesizer occurs. In the 60-GHz SiGe
BiCMOS chip, the phase noise of 285 to 290 dBc/Hz at
1 MHz offset was measured when the PLL synthesizers for
the transmitter and receiver were cascaded [5]. Therefore, a
single-chip Si CMOS transceiver requires a compensation
method for the larger phase noise.

It is well known that OFDM is sensitive to the phase noise
and frequency offset [6]. This is because the phase noise
causes signal distortion in OFDM, which is characterized

by common phase error (CPE), which induces a common
phase shift at all subcarriers, and inter-carrier interference
(ICI). In order to overcome this impairment in OFDM,
several phase noise compensation methods have been pro-
posed [7, 8]. Especially, as one of the lowest-complexity
phase noise compensation methods with ICI cancelation
capability, decision-directed phase noise compensation
(DD-PNC) has been proposed for the 60-GHz OFDM trans-
mission [8]. OFDM can suppress CPE by using pilot subcar-
riers inserted in each OFDM symbol, and the relatively exact
tentative decisions can be obtained from the coherent detec-
tion. Thus, DD-PNC can compensate a time-domain
received signal for the phase noise by exploiting decoded
bits that a channel decoder calculates from the tentative
decisions.

Similarly to OFDM, SC-FDE suffers from severe perform-
ance degradation due to the phase noise, and it has been inves-
tigated that SC-FDE is more affected than OFDM [9]. In
SC-FDE, it is difficult to compensate for the phase noise
before FDE, and thus the time-varying phase noise in the
FFT duration drastically causes ICI in the frequency-domain
received signals after fast Fourier transform (FFT).
Combining decision-feedback equalization (DFE) and the
phase noise compensation for the SC transmission without
FDE has been investigated [10]. In addition, a phase noise
suppression algorithm in single carrier-frequency division
multiple access (SC-FDMA), which is also called
DFT-spread OFDM, has been proposed [11]. However,
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SC-FDMA can use frequency-domain pilots, and thus it
employs the same phase noise correction using the pilots as
OFDM. Therefore, these methods cannot be directly applied
to the SC-FDE transmission in the 60-GHz WPAN system.

Moreover, a joint method of iterative block decision feed-
back equalization (IBDFE) and post-equalization carrier syn-
chronization in SC-FDE has been proposed [12]. The method
jointly compensates for the frequency offset and equalizes the
received signal in an iterative manner, while it does not con-
sider the phase noise and cannot prevent the error propa-
gation in the decision feedback loop because it does not
employ the channel coding. On the other hand, a combination
method of turbo FDE (TFDE) and the post-equalization
carrier synchronization, which copes with the frequency
offset and the phase noise, has been proposed [13]. It iterates
TFDE with the decision-directed estimation for the unknown
parameters by exploiting the log-likelihood ratio (LLR) of
coded bits which the maximum a posteriori (MAP) decoder
provides. These two combination methods can achieve a
good performance under the relatively small phase noise
condition, while the large phase noise drastically degrades
the equalization performance of IBDFE and TFDE. This is
because they cannot equalize ICI which the phase noise
causes, and the residual inter-symbol interference (ISI)
occurs in the FDE outputs. Hence, the post-equalization
carrier synchronization, which uses the FDE outputs for the
parameter estimation, cannot effectively operate in the
60-GHz SC-FDE transmission with the relatively large phase
noise. In addition, TFDE requires the high-complexity proces-
sing such as the MAP decoding and calculating the mean
and variance of the modulation symbol from LLRs, and the
high-complexity method is not suitable for multi-Gbps trans-
mission of the 60-GHz WPAN system because the realistic
implementation is not available.

In order to provide an efficient, low-cost and reliable sol-
ution to the phase noise problem for the 60-GHz SC system,
this paper proposes a SC-FDE receiver employing an iterative
FDE and DD-PNC that can cope with multipath delay and
phase noise for the SC transmission. In an initial processing
of the proposed receiver, a cyclic prefix (CP)-based phase
noise compensator (CP-PNC) removes the phase noise from
the time-domain received signal before FFT by using CP,
which is known to the receiver, and then the channel is equal-
ized by the iterative FDE using the conventional minimum
mean-square-error (MMSE) weight [14, 15]. In an iterative
processing, DD-PNC estimates the phase noise each symbol
by exploiting the decoded bits of the decoder output, and
then compensates the time-domain received signal for the
phase noise by using the estimate. Since DD-PNC can
remove the phase noise from the time-domain received
signal before FDE, the iterative FDE does not have to consider
the phase noise suppression, and thus the low-complexity
iterative FDE that consists of the MMSE filtering and the
residual ISI cancelation using the decoded bits can be intro-
duced into the proposed SC-FDE receiver. Similarly to
IBDFE and TFDE, the iterative FDE can outperform
the conventional MMSE-based FDE (MMSE-FDE) by elimi-
nating the residual ISI. In order to verify the effectiveness of
the proposed SC-FDE receiver, computer simulations basi-
cally following both the 60-GHz WPAN standard and the
one-pole/one-zero phase noise model proposed in IEEE
802.15.3c are conducted. The simulation results demonstrate
that the proposed receiver with the iterative FDE and

DD-PNC sufficiently removes the phase noise of 285 dBc/
Hz at 1 MHz offset, and can realize the multi-Gbps trans-
mission while requiring the low complexity in such a severe
phase noise condition.

This paper is organized as follows. In Section II, the
proposed SC-FDE receiver is explained briefly, and then
transmitted and received signal models are derived along
with the clarification of the phase noise problem. Section III
describes the detail of the SC-FDE receiver employing
CP-PNC and DD-PNC in addition to the iterative FDE.
Section IV presents the computer simulation results in terms
of packet error rate (PER) performance of the proposed recei-
ver. Finally, some concluding remarks are given in Section V.

I I . S C - F D E T R A N S M I S S I O N
W I T H D D - P N C

A) System model
As shown in Fig. 1, a baseband SC-FDE signal is upconverted
by a local oscillator, and a received signal through the multi-
path fading channel is downconverted by another local oscil-
lator. Each local oscillator consists of the PLL synthesizer
whose carrier frequency is assumed to be perfectly synchro-
nized. However, the phase noise in the PLL synthesizer
severely degrades transmission performance in SC-FDE.
Note that this paper handles the phase noise only on the recei-
ver side [6–13], and that the carrier frequency offset is
assumed to be negligible.

A block diagram of an SC-FDE transmitter in 60-GHz
WPAN is shown in Fig. 2. The transmitter first adds the
cyclic redundancy check (CRC) code to detect a decision
error of the transmitted packet, and then it encodes infor-
mation bits by the convolutional code. After interleaving the
coded bits, it maps them into a modulation symbol, and CP
is inserted. Note that as shown in Fig. 3, Golay code, which
is known to both the transmitter and the receiver, is used as
CP, and that another complementary Golay code is time mul-
tiplexed at the head of the packet as a preamble for the channel
estimation [1].

Figure 4 shows a block diagram of the proposed SC-FDE
receiver employing the iterative FDE and DD-PNC. The recei-
ver iterates the phase noise compensation and signal detection
by exploiting an output of the channel decoder. In an initial
processing, a channel estimator first estimates a channel
impulse response by using the preamble, and then a
CP-PNC removes the phase noise from the time-domain
received signal by using CP of the Golay code and the
channel estimates. After FFT converts the compensated
received signal into the frequency-domain one, the iterative
FDE performs the conventional MMSE-FDE [14, 15], and
then the output is transformed into the time-domain

Fig. 1. System model.
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equalized signal by inverse fast Fourier transform (IFFT).
Note that the iterative FDE does not employ the residual ISI
cancellation in the initial processing because it cannot
obtain the decoded bits. Next, the soft-output detector pro-
vides soft decision from the equalized signal, and after deinter-
leaving the soft decisions, a soft-decision Viterbi decoding is
carried out. If a CRC decoder detects a decision error from
the decoded bits, the receiver shifts the initial processing to
an iterative processing. In the iterative processing, the receiver
first generates a transmitted signal replica from the decoded
bits. Next, DD-PNC recursively estimates the phase noise by
the one-tap least-mean-square (LMS) algorithm using the
replica, and then it removes the estimate from the time-
domain received signal. After FFT, the iterative FDE, which
consists of the MMSE filtering and the residual ISI cancella-
tion using the decoded bits [14, 15], is also performed for
the compensated signal. The receiver repeats the iterative pro-
cessing until the number of iterations exceeds a predetermined
threshold or no decision error is detected.

B) Signal model
A received signal in the SC-FDE transmission with the phase
noise is represented by an equivalent low pass model. Let N
and Dt denote the number of FFT points and the sampling
period which is equal to the symbol duration, respectively,
and the number of symbols during the subblock, which con-
sists of CP and data symbols as shown in Fig. 3, is equal to
N. A sampled transmitted signal si,k at the kth symbol of the
ith subblock is given by

si,k =
ck+NC ( − Nc ≤ k ≤ −1)
zi,k (0 ≤ k ≤ N − Nc − 1)
ck+NC−N = si+1,k−N (N − Nc ≤ k ≤ N − 1)

⎧⎨
⎩ (1)

where ck is the Golay code with the length of Nc samples, and
zi,k is the kth data modulation symbol of the ith subblock. Its
mean and variance are 0 and 1, respectively.

Furthermore, let h(t) denote an impulse response of a
D-path fading channel, and h(t) is given using Dirac’s delta
function d(t) by

h(t) =
∑D−1

d=0

hdd(t− dDt), (2)

where hd and dDt are a complex amplitude and a delay time of
the dth path, respectively, and the maximum delay time
(D21) Dt is assumed to be less than NcDt. Note that the
fading fluctuation during one packet is assumed to be
negligible.

The phase noise f(t) at the time t ¼ (iN + k)Dt is denoted
by f(t) ¼ fi,k, and its mean and variance are zero and sf

2 ,
respectively. A sampled received signal ri,k is given by

ri,k = ejfi,k

∑D−1

d=0

hdsi,k−d + ni,k, (3)

where ni,k is a sampled noise with zero mean and variance sn
2.

In addition, let us express ejfi,k by using a sum of the mean F̄i

of the phase noise during the ith subblock and a remaining
component Fi,k at the kth symbol from F̄i as

ejfi,k = �Fi +Fi,k. (4)

Then, ri,k can be written as

ri,k = �Fi +Fi,k
( )∑D−1

d=0

hdsi,k−d + ni,k. (5)

After FFT converts ri,k except those corresponding to CP, a
received signal Ri,n at the nth frequency component (0 ≤ n ≤
N 2 1) is expressed as

Ri,n = 1���
N

√
∑N−1

k′=0

ri,k′e
−j2p(n/N)k′ ,

=
�Fi���
N

√
∑D−1

d=0

hd

∑N−1

k′=0

si,k′−de−j2p(n/N)k′

+Ji,n + Ni,n, (6)

Fig. 3. Packet configuration.

Fig. 4. SC-FDE receiver employing iterative FDE and DD-PNC.

Fig. 2. SC-FDE transmitter.
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Ji,n = 1���
N

√
∑D−1

d=0

hd

∑N−1

k′=0

Fi,k′ si,k′−de−j2p(n/N)k′ , (7)

Ni,n = 1���
N

√
∑N−1

k′=0

ni,k′e
−j2p(n/N)k′ . (8)

Ji,n causes the performance degradation due to the phase
noise. If the PLL synthesizer can reduce the phase noise to a
sufficiently low level, i.e. Fi,k ≃ 0, Ji,n does not occur.

Let Si,n denote the nth frequency component into which
FFT converts si,k, and Si,n is given by

Si,n = 1���
N

√
∑N−1

k′=0

si,k′e
−j2p(n/N)k′ , (9)

and the following term of (6) can be expressed using Si,n as

1���
N

√
∑N−1

k′=0

si,k′−de−j2p(n/N)k′

= e−j2p(n/N)d���
N

√
∑N−d−1

k′=−d

si,k′e
−j2p(n/N)k′

= e−j2p(n/N)dSi,n. (10)

Hence, from (6) and (10), Ri,n is given by

Ri,n = �FiHnSi,n +Ji,n + Ni,n, (11)

Hn =
∑D−1

d=0

hd e−j2pn
Nd. (12)

I I I . S C - F D E R E C E I V E R E M P L O Y I N G
I T E R A T I V E F D E A N D D D - P N C

A) Channel estimation
In the initial processing, the channel impulse response, which
includes the phase noise, is estimated by using the preamble.
The complementary Golay code ak, bk (+1, 2Nc ≤ k ≤
N 2 1) has the following property:

1
2N

ra(l) + rb(l)
[ ]

= 1, l = 0,
0, otherwise.

{
(13)

ra(l) =
∑N−1

k′=0

ak′ak′−l, (14)

rb(l) =
∑N−1

k′=0

bk′bk′−l, (15)

where 0 ≤ l ≤ Nc. By calculating cross correlation between ri,k

and the preamble consisting of ak and bk in Fig. 3, the channel

estimator estimates gip,l which is the complex amplitude of the
lth path multiplied by the phase noise, and from (5) and (13),
gip,l is given by

gip ,l =
1

2N

∑N−1

k′=0

(r0,k′ ak′−l + r1,k′ bk′−l)

= 1
2N

∑D−1

d=0

hd
�Fip

∑N−1

k′=0

(ak′−dak′−l + bk′−dbk′−l)

+ nip ,l

= hl
�Fip + nip ,l, (16)

where F̄ip
is the mean of the phase noise during the preamble.

nip,l is the estimation error that the phase noise and the noise
cause, and is given by

nip ,l =
1

2N

∑D−1

d=0

hd

∑N−1

k′=0

(F0,k′ ak′−d ak′−l +F1,k′bk′−d bk′−l)

+ 1
2N

∑N−1

k′=0

(n0,k′ ak′−l + n1,k′ bk′−l). (17)

In order to improve accuracy of the estimation and esti-
mate a normalized maximum delay L that CP-PNC requires,
a path detector adaptively extracts the dominant paths from
gip,l. The path detector sets gip,l to zero, if | gip,l|2, a (sn

2 +
s2
f), where a is a threshold parameter. After that, the

maximum path index l that satisfies gip,l . 0 is set to L. Let
V denote the total number of extracted paths with gip,l . 0
in the output of the path detector.

B) CP-PNC and MMSE-FDE
In the initial processing, CP-PNC estimates the phase noise
using CP of the Golay code inserted at the head and the end
of the subblock, and compensates the time-domain received
signals for the phase noise by using the estimates. CP-PNC
first generates a received signal replica r̂i,k by using CP ck

and the channel estimate gip,l as

r̂i,k =
∑L

l=0

gip ,l ck−l, (18)

where 2Nc + L ≤ k ≤ 21, because the multipath delay
causes the leakage of the data symbols from the (i21)th sub-
block as shown in Fig. 5(b). Next, let DFi denote the relative
phase shift of F̄i to Fip

, and the estimate of DF̂i can be calcu-
lated based on the MMSE criterion that should minimize the
cost function JDF given by

JDF = E DFi − DF̂i

∣∣∣ ∣∣∣2[ ]

= E DFi −
∑−1

k′=−Nc+L

C∗
i,k′ri,k′

∣∣∣∣∣
∣∣∣∣∣

2[ ]
, (19)

where E[ ] denotes an ensemble average, Ci,k′ is the coefficient
of the MMSE estimation, and the superscript ∗ is the complex
conjugate. Setting the gradient of JDF with respect to Ci,k′ to
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zero, Ci,k′ is given by

Ci,k′ =
r̂i,k′

(Nc − L)(|r̂i,k′ |2 + s2
n)
. (20)

The derivation of the above equation is based on the
following approximation:

E[ri,k′DF
∗
i ] ≃ r̂i,k′ , E[ri,k′r

∗
i,k′ ] ≃ |r̂i,k′ |2 + s2

n. (21)

Hence, DF̂i can be estimated as

DF̂i =
1

Nc − L

∑−1

k′=−Nc+L

r̂∗i,k′ ri,k′

|r̂i,k′ |2 + s2
n

. (22)

CP-PNC also calculates DF̂i+1 of the (i + 1)th sub-
block, and estimates the relative phase shift
DFi,k = (�Fi +Fi,k)/�Fip at the kth data symbol by linearly
interpolating DF̂i and DF̂i+1, and the estimate of DFi,k,
DF̂i,k is calculated as

DF̂i,k =
N − k

N
DF̂i +

k
N
DF̂i+1. (23)

Finally, CP-PNC compensates the time-domain received
signal for the phase noise by using DF̂i,k as

r′i,k =
ri,k

DF̂i,k
= �Fip

∑D−1

d=0

hd si,k−d + j′i,n + n′
i,k, (24)

j′i,k =
DFi,k

DF̂i,k
− 1

( )
�Fip

∑D−1

d=0

hdsi,k−d, (25)

where n′
i,k = ni,k/DF̂i,k and j′i,kn

is the residual phase noise
component of the compensated received signal. FFT converts
r′i,k into R′

i,n as

R′
i,n = �Fip HnSi,n +J

′
i,n + N ′

i,n, (26)

J
′
i,n = 1���

N
√

∑N−1

k′=0

j′i,k′ e−j2p(n/N)k′ , (27)

N ′
i,n = 1���

N
√

∑N−1

k′=0

n′
i,k′ e−j2p(n/N)k′ . (28)

It is assumed that the phase noise can be perfectly removed
from the received signal, i.e. J

′

i,n≃0, and R
′

i,n can be approxi-
mated as

R′
i,n ≃ GnSi,n + N ′

i,n, (29)

Gn =
∑L

l=0

gip ,l e−j2p(n/N)l. (30)

Since the iterative FDE cannot obtain the decoded bits in
the initial processing, and cannot perform the residual ISI can-
celation, it operates as the conventional MMSE-FDE. Hence,
MMSE-FDE equalizes Ri,n

′
based on the MMSE criterion. Let

S̃i,n denote the estimate of Si,n, and the cost function JS is
defined as

JS = E Si,n − S̃i,n
∣∣ ∣∣2[ ]

= E Si,n − F∗
n R′

i,n

∣∣∣ ∣∣∣2[ ]
, (31)

where Fn is a coefficient of the MMSE filter. Setting the gradi-
ent of JS with respect to Fn to zero, Fn is given from (29) by

Fn = Gn

|Gn|2 + s2
n

, (32)

and thus the MMSE-FDE calculates S̃i,n as

S̃i,n =
G∗

nR′
i,n

|Gn|2 + s2
n

. (33)

Note that MMSE-FDE cannot suppress the residual
phase noise component J

′

i,n because the derivation of Fn

ignores J
′

i,n.

C) DD-PNC and iterative FDE
In the iterative processing, DD-PNC estimates the relative
phase shift of the phase noise by the one-tap LMS algorithm,
which minimizes a mean-square-error between ri,k and its
replica [8]. DD-PNC first generates the received signal

Fig. 5. Phase noise compensation by CP-PNC.
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replica r̂i,k excluding the relative phase shift of the phase noise
by using gip,l as

r̂i,k =
∑L

l=0

gip ,l ŝi,k−l, (34)

where ŝi,k is a transmitted signal replica, and is generated by
replacing zi,k of (1) with a data symbol replica ẑi,n that the
iterative processing regenerates from the decoded bits.

Let wi,k
∗ denote an estimate of the relative phase shift,

and the received signal replica with the phase noise can be
expressed as a product of r̂i,k and wi,k

∗ . Thus, an error signal
ei,k between ri,k and the replica is given by

ei,k = ri,k − w∗
i,k r̂i,k, (35)

and the LMS algorithm recursively updates wi,k as

wi,k+1 = wi,k + mf r̂i,k e∗i,k, (36)

where mf is the step-size parameter in DD-PNC and a positive
number [16]. Note that an initial value of w∗

i,k is set to one. The
above recursion is performed until the last sample of the ith
subblock. After that, DD-PNC smoothes wi,k by backward
exponentially weighting to improve the accuracy of the esti-
mation, because the LMS algorithm is the forward recursion
using the post-measured data and cannot exploit the future-
measured data [17]. Let DF̃i,k denote a smoothed estimate,
and DF̃i,k is recursively updated as

DF̃i,k = mfw∗
i,k + (1 − mf)DF̃i,k+1. (37)

Note that DF̃i,N = w∗
i,N−1. After smoothing wi,k, DF̃i,k is

normalized by
���������
|DF̃i,k|2

√
because of | DFi,k| ¼ 1.

Finally, DD-PNC compensates the time-domain received
signals for the phase noise by using DF̃i,k as

r′i,k =
ri,k

DF̃i,k
, (38)

and FFT converts r′i,k into R′
i,k.

The iterative FDE performs the MMSE filtering and the
residual ISI cancelation using the decoded bits. The MMSE fil-
tering and the residual ISI cancellation consist of the feedfor-
ward filter and the feedback filter, respectively [12, 14]. By
using the coefficient Fn of the feedforward filter and the coef-
ficient Bn of the feedback filter, S̃i,n of the iterative FDE output
is given by

S̃i,n = F∗
n R′

i,n − B∗
nŜi,n, (39)

where Ŝi,n is calculated by replacing si,k of (9) with ŝi,k. Unlike
IBDFE, the iterative FDE exploits Si,n, which is generated from
the decoded bits for the residual ISI cancellation. The feedfor-
ward and the feedback filters are designed in order to maxi-
mize the signal to interference plus noise power ratio
(SINR) of the iterative FDE output. Let rm denote a corre-
lation coefficient of E S∗i,nŜi,n

[ ]
in the mth iteration (m ¼ 0,

1, . . ., M), and from (29) and (39), the feedback coefficient

Bn that minimizes the interference power is given by [14]

Bn = rm(FnG∗
n − m), (40)

m = 1
N

∑N−1

n=0

F∗
n Gn. (41)

In addition, the feedforward coefficient Fn that maximizes
SINR is given by

Fn = Gn

(1 − |rm|2)|Gn|2 + s2
n,

(42)

and the residual ISI cancelation error depends on rm [14]. The
iterative FDE employs the decoded bits instead of LLR, and
cannot exactly calculate rm from the variance of the modulation
signal [12]. Hence, rm is approximated to a real number that
increases linearly with the number of iterations, i.e. rm ¼ m/
M, which results in the complexity reduction [18]. In the
initial processing (m ¼ 0), rm ¼ 0, and the iterative FDE uses
the MMSE weight. In the Mth iteration of the last iterative pro-
cessing, rm ¼ 1, and the maximum ratio combining (MRC)
weight is used in addition to the residual ISI cancellation.

Although an inner loop of the iterative FDE that includes
IFFT, the decision, the CP insertion, and FFT can repeat the
MMSE filtering and the residual ISI cancelation in the
decision feedback manner [14], the proposed receiver does
not employ the iteration in the inner loop. This is because
the phase noise causes the severe performance degradation,
and it can hardly be expected that only the inner loop
improves the transmission performance. Hence, the proposed
receiver repeats the iterative processing, which consists of
DD-PNC, the iterative FDE, and the channel decoding.

The iterative FDE requires the scalar multiplication at each
frequency component and FFT which generates Ŝi,n from ŝi,k.
The total numerical complexity of the iterative FDE is O(N)
per subblock, and the additional complexity for replacing
MMSE-FDE with the iterative FDE is small.

D) Numerical complexity of CP-PNC and
DD-PNC
Table 1 summarizes the numerical complexity of CP-PNC and
DD-PNC, that is, the number of the real multiplications per
subblock in each iteration. CP-PNC first generates the
received signal replica r̂i,k using (18). Actually, the total
number of extracted paths with gip

, l . 0 is V, and thus the
replica generation in CP-PNC needs only 2 (Nc 2 L) V mul-
tiplications. Next, CP-PNC requires 6 (Nc 2 L) + 4N multi-
plications to estimate DF̂i,k in (22) and (23). In addition,
the number of multiplications of the phase noise compen-
sation of (24) is 4N. Thus, the total number of real multipli-
cations in CP-PNC becomes (Nc 2 L) (2 V + 6) + 8N.

Moreover, DD-PNC needs 4NV multiplications for the
replica generation, and the one-tap LMS algorithm in (35)
and (36) requires 10N multiplications in the subblock dur-
ation. In addition, the number of the multiplications in the
smoothing of (37) and the phase noise compensation of (24)
are 4N and 4N, respectively. Hence, the total number of
the real multiplications in DD-PNC becomes N (4 V + 18).
For example, when N ¼ 256, Nc ¼ 16, L ¼ 12, and V ¼ 5,
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the numerical complexities of CP-PNC and DD-PNC are
almost 0.5 and 2.4 times as that of FFT, respectively.
Therefore, the proposed receiver can achieve the phase noise
compensation with low complexity.

I V . C O M P U T E R S I M U L A T I O N S

A) Simulation conditions
Computer simulations were conducted to verify the effective-
ness of the proposed receiver under the simulation conditions
listed in Table 2. Parameters of the SC-FDE transmission basi-
cally follow the IEEE 802.15.3c standard [1–4]. In addition to
16QAM, 64QAM was employed as the modulation scheme to
achieve the higher bit-rate. The packet configuration consists
of the four-subblock long preamble followed by 14 data
subblocks. The number of FFT points N was 256, and the
number of CP samples Nc was 16. The convolutional code
with the constraint length ¼ 7 and the punctured coding
rate R ¼ 3/4 was employed. The maximum number of iter-
ations was five. In the channel estimation, a for the path
detection was set to 0.003. mf in DD-PNC was changed
from 0.03 to 0.13, which increases linearly with the number
of iterations. a and mf were optimized by the computer
simulation.

The channel model was five-path Nakagami–Rice fading
with Ricean factor K ¼ 10 dB, where K is defined as the
power ratio of the line of sight (LOS) component to
the non-line of sight (NLOS) one. The maximum delay in the
multipath channel is 12Dt. Hence, L¼ 12 and V ¼ 5, if the
path detector can ideally extract the dominant paths.

Furthermore, the power spectrum density (PSD) of the
phase noise was the one-pole/one-zero model proposed in
IEEE 802.15.3c as

S(f ) = Kf

1 + (f /fz)2

1 + (f /fp)2 , (43)

where Kf is the phase noise level that the loop filter deter-
mines in the low frequency, and fp and fz are pole and zero
frequencies, respectively [3]. Figure 6 shows PSD of the
phase noise with Kf ¼ 282 dBc/Hz, fp ¼ 1 MHz, and fz ¼

100 MHz. The phase noise level was 285 dBc/Hz at 1 MHz
offset, and the variance sf

2 of the phase noise fi,k was
0.02 rad2. In the computer simulations, Kf was changed as a
parameter, and the phase noise level was defined as PSD at
1 MHz offset. In addition, the phase noise was generated by
the autoregressive (AR) model, where AR parameters can be
calculated from the inverse Fourier transform of (43) [16].

B) PER performance
When the phase noise level is 285 dBc/Hz, average packet
error rate (PER) performances of the proposed receiver with
16QAM and 64QAM are shown in Figs 7 and 8. For compari-
son, PER of the SC-FDE receiver with ideal channel
estimation and MMSE-FDE under the phase-noise-free

Table 2. Simulation conditions.

Modulation 16QAM, 64QAM
Sampling rate : 1/Dt 1.728 GHz
No. of subblocks Preamble : 4, data : 14
No. of FFT points : N 256
No. of symbols in subblock CP (Nc) : 16, data : 240
Channel coding Convolutional code (R ¼ 3/4)
Maximum bit rate 7.29 Gbps (R ¼ 3/4, 64QAM)
Channel decoding soft decision Viterbi decoding
Maximum no. of iterations : M 5 (except initial processing)
a for path detection 0.003
Step-size parameter mf 0.03–0.13
Channel model Nakagami–Rice fading

LOS : K ¼ 10 dB
NLOS : 5-path with equal power
Maximum delay : 12 Dt

Phase noise model IEEE 802.15.3c [3] by AR model

Table 1. Numerical complexity of CP-PNC and DD-PNC.

Operation CP-PNC DD-PNC

Replica generation 2 (Nc 2 L) V 4NV

Estimation and interpolation 6 (Nc 2 L) + 4N –
LMS algorithm – 10N
Smoothing of (37) – 4N
Compensation of (24) 4N 4N

Total (Nc 2 L) (2 V + 6) + 8N N (4V + 18)

Fig. 6. PSD of phase noise.

Fig. 7. Average PER performance with 16QAM.
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condition was also plotted (ideal performance). Figure 7
demonstrates that Eb/N0 degradation of the receiver with
MMSE-FDE and CP-PNC at PER ¼ 1022 is 4.0 dB from the
ideal performance, while one iteration of the proposed
receiver with the iterative FDE and DD-PNC can achieve
the same performance as the ideal performance, because it
can remove the phase noise and obtain the diversity gain by
the iterative FDE.

From Fig. 8, it is found that the phase noise severely
degrades PER of the receiver with MMSE-FDE and
CP-PNC, and that PER cannot reach 1021 even in the high
Eb/N0 region. On the other hand, the receiver with the iterative
FDE and DD-PNC can achieve PER ¼ 1022 at the Eb/N0 ¼

16.5 dB by three iterations, and it can reduce the Eb/N0 degra-
dation from the ideal performance to 1.1 dB. With 64QAM,
the phase noise prevents the iterative FDE from getting the
diversity gain.

C) Iteration performance with different
phase noise levels
When the phase noise level is set to 288, 285, and
282 dBc/Hz, average PER performances of the proposed

receiver with the iterative FDE and DD-PNC are shown in
Fig. 9. The horizontal axis represents the number of iter-
ations, and zero iteration indicates the initial processing.
The received Eb/N0 was 17 dB. It can be seen that with
288 and 285 dBc/Hz, the proposed receiver can achieve
PER ¼ 1022 by one and three iterations, respectively,
while with 282 dBc/Hz, it cannot reach PER ¼ 1022

regardless of the number of iterations. When PER is less
than 1022, the proposed receiver with the iterative FDE
and DD-PNC can achieve the better PER performance
than the receiver with MMSE-FDE and DD-PNC [19]. It
can be also found that with 288 dBc/Hz, two iterations of
the proposed receiver with the iterative FDE is superior to
the receiver with ideal channel estimation and MMSE-FDE
under the phase-noise-free condition.

D) Effect of DD-PNC on different
phase noise levels
When the modulation scheme was 16QAM and 64QAM,
average PER performances of the receiver with the iterative
FDE or MMSE-FDE and DD-PNC are shown in Fig. 10.
The horizontal axis represents the phase noise level at
1 MHz offset. The received Eb/N0 in 16QAM and 64QAM
were set to 12 and 17 dB, respectively, and the number of
iteration was three. This figure demonstrates that the per-
formance degradation of the receiver with MMSE-FDE and
CP-PNC is severe in 16QAM and 64QAM, while the receiver
with the iterative FDE and DD-PNC can maintain PER ¼
1022 with 16QAM and 64QAM until the phase noise level
of 280.8 and 285.0 dBc/Hz, respectively.

V . C O N C L U S I O N S

This paper has proposed the low-complexity SC-FDE recei-
ver employing the iterative FDE and DD-PNC to alleviate
the performance degradation due to the phase noise for
the millimeter-wave SC systems. The proposed receiver
repeats the iterative FDE and DD-PNC by exploiting the
output of the channel decoder. In the initial processing,

Fig. 8. Average PER performance with 64QAM.

Fig. 9. Iteration performance with different phase noise levels.

Fig. 10. Robustness of the proposed receiver with iterative FDE and DD-PNC
against phase noise.

406 satoshi suyama, junichi onodera, hiroshi suzuki and kazuhiko fukawa

https://doi.org/10.1017/S1759078710000516 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078710000516


CP-PNC estimates the phase noise using the known CP, and
it triggers DD-PNC in the iterative processing. DD-PNC
estimates the phase noise by the one-tap LMS algorithm
with smoothing, and can effectively cope with the phase
noise by removing the estimate from the time-domain
received signal. In addition, the iterative FDE can obtain
the diversity gain by eliminating the residual ISI. The com-
puter simulations have demonstrated that with 64QAM of
R ¼ 3/4, the phase noise with 285 dBc/Hz at 1 MHz
offset drastically degrades PER of the receiver with
MMSE-FDE and CP-PNC, while three iterations of the
receiver with the iterative FDE and DD-PNC can achieve
PER ¼ 1022 at the Eb/N0 ¼ 16.5 dB. It has also been
shown that with 16QAM, it can realize PER ¼ 1022 at the
Eb/N0 of 12 dB until the severe phase noise level of
280.8 dBc/Hz at 1 MHz offset.
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