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Abstract

Whether can the received signal be done with in an even better fashion or not, which is
a key factor that can make impact on the accuracy of the ranging and positioning in the
60GHz wireless communication system. There are two mainstream algorithms that may be
used for dealing with the signals, which can be segmented into Matched Filtering
algorithm and Energy Detection algorithm according to the principle. In order to get the
signal processing algorithm that is more suitable for 60GHz millimeter wave. These two
algorithms were studied deeply from five aspects respectively such as the distance
between nodes, sampling frequency, normalized threshold, the integration period,
Signal-to-Noise Ratio. The previous Maximum Energy Selection algorithm and fixed
Threshold-Crossing algorithm were compared with the Matched Filtering algorithm in the
IEEE 802.15.3c standard indoor channel models. Performance results that are presented
verify that it is obvious to improve the accuracy of ranging so long as the received signal
is better processed.
Keywords: 60GHz, Matched Filtering, Energy Detector, Maximum Energy Selection,
Threshold-Crossing, Signal-to-Noise Ratio

1. Introduction
As a variety of high-speed applications with rates over Gigabit per second getting into
people's production and life, for example High Definition Multimedia Interface(HDML)
and Gigabit Wireless Local Area Network(WLAN), the modern production and life
demand of high-speed wireless communications services with high quality is becoming
stronger and stronger[1-3]. Due to the 7GHz wide spectrums, low-cost Complementary
Metal-Oxide-Semiconductor(CMOS) devices implements[4], up to 10W maximum
transmit power and other advantages, 60GHz wireless communication technology has
received considerable attention which can achieve Gigabits per second(Gbps) level
transmission rate.
Multi-Gbps throughput is supported and a very large block of unlicensed spectrum is
available worldwide in the 60GHz band. The Federal Communications Commission (FCC)
permitted the 60GHz unlicensed effective isotropic radiated power (EIRP) ratio is about
40dBm, which is hundreds or even thousands times than Wireless Fidelity (Wi-Fi), Ultra
Wide-band (UWB) and other short-range wireless communication technologies,
regulation in China for 44dBm[5]. Even if the 60GHz signal pass through the path loss
(PL), the received power is still impressive at the receiving end. The impulse radio
communication technologies, which is in the vicinity of the center frequency of 60GHz
band, can be more effective to separate the multipath signals at the receiving end because
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of its shorter duration using pulse signal, usually about a hundred picoseconds or less, far
less than the multipath propagation delay. The 60GHz mm-wave can achieve higher
multipath resolution and realize high precision levels such as centimeters or even
millimeters in the process of ranging and location.
The Time of Arrival (TOA) is used here to estimate the distance between two devices in
the 60GHz wireless communication system, as it can take full advantage of the higher time
resolution available with very short 60GHz pulses. Accurate TOA estimation is the key to
precise ranging, but this is very challenging due to the potentially hundreds of multipath
components in 60GHz channels. TOA estimation has been extensively studied [6-9].There
are two approaches applicable to 60GHz TOA estimation, a Matched Filter (such as a
RAKE or correlation receiver) [10-12] or an Energy Detector [13]. In this paper, we focus
on that the influence on the accuracy of 60GHz wireless communication system by
Matched Filtering and Energy Detector. By comparing the performance of different
receiving mode, we try to select the much more suitable way for receiving 60GHz signals
in different circumstances.
This paper is organized in the follows manner. In Section II, the 60GHZ wireless
communication system in IEEE802.15.3c channel models is introduced. In section III, the
existing mainstream algorithm of TOA estimation is discussed briefly. The simulated
results and performance comparisons will be shown and discussed in Section IV. Finally,
the conclusion will be drawn in Section V.

2. The 60ghz Wireless Communication System In IEEE802.15.3c
Currently two important channel model were developed for 60GHz by the industry as:
IEEE 802.15.3c and IEEE 802.11ad. Where the paper used in the simulation was IEEE
802.15.3c standard channel models. The IEEE 802.15.3c channel modeling subgroup
provides models for the following frequency ranges and environments: for 60GHz
channels covering the frequency range from 57 to 66 GHz, it covers indoor residential,
indoor office and library environments (usually with a distinction between Line-Of-Sight
(LOS) and Non-Line-Of-Sight (NLOS) properties) [14-18].This paper focus on the indoor
residential.
2.1. 60 ghz Pulse Signal
In this article, a Pulse Position Modulation Time-Hopping 60GHz (PPM-TH-60GHz)
signal is employed for ranging purposes. The propagation delay    between the
transmitter and receiver is estimated for use in the ranging algorithm. The
PPM-TH-60GHz signals are very short in time (usually about one hundred picoseconds or
less), and can be expressed as
s
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Each symbol is represented by a sequence of very short pulses, where T is the symbol
time. The Time-Hopping (TH) code represented by C is a pseudorandom integer-valued
code which is unique for each user (to provide multiple access capability), and T c is the
chip time.  is the PPM time shift. If a is 1, the signal will be shifted in time by  . If it is
s
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0, there is no time shift. In general, these parameters satisfy the following relationship:
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Figure 1 shows the waveform of PPM-TH-60GHz signal waveform T c
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Figure 1. 2PPM-TH-60 GHz Waveform
The 60GHz pulse p  t  is given by, for example, the Gaussian pulse is multiplied by a
carrier signal [19]
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Where  is the shape factor, A smaller shape factor results in a shorter pulse and a
larger bandwidth. f c is the carrier frequency, the value is usually f c  6 0 GHz.
2.2. Signal Shift and Path Loss
The path loss is defined as the ratio of the received signal power to the transmit signal
power and it is very important for link budget analysis. Unlike narrow-band system, the
path loss for a wide-band system such as UWB or mm-wave system, is both distance and
frequency dependent. In order to simplify the models, it is assumed that the frequency
dependence path loss is negligible and only distance dependence path loss is modeled [20].
The signal path loss, which depends on the propagation distance and the channel
(IEEE802.15.3c), is described by
PL d

 dB  = P L0

 d 
  X  dB ; d  d 0
 d0 

 1 0  n lo g 1 0 

(3)

Where d 0 and d denote the reference distance, and distance respectively. The path
loss exponent n for mm-wave based measurements ranges from 1.2-2.0 for LOS and
from 1.97-10 for NLOS, in various different indoor environments. In the presence of
wave guiding effects and reverberation effects which lead to increase in power levels by
multipath aggregation, n can be smaller than 2. X  is that the unit dB, with mean zero
and variance  s for a Gaussian random variable [21]. The Figure 2 shows the
PPM-TH-60GHz signal waveform after the path loss. Table 1 summarizes the values of
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n, P L 0 ,  s for different environments and scenarios.
Table 1. The PL Exponent, N and Standard Deviation for Shadowing
environments
indoor residential(LOS)
indoor
residential(NLOS)
indoor office (LOS)
indoor office (NLOS)



n
1.53
2.44

PL0
75.1
86.0

1.50
6.20

1.16
3.74

84.6
56.1

5.40
8.60

s

Figure 2. Path Loss
The signal shift can be expressed as:
t  d t  flo o r

d

/ c  /d t 

(4)

Where d denotes the distance between the transmitter and receiver, dt is the sampling
period and c is the speed of light which is 299792458m/s in the air. The waveform that
moves to the right 10meters (about 0.33 nanoseconds) is showed in the Figure 3.

Figure 3. Signal Shift
2.3. Channel Impulse Response in IEEE802.15.3c
Because of the multipath propagation channel, the received signal can be expressed as

38
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Where L is the number of received multipath components with  i and  i denoting the
amplitude and delay of the n th path respectively and n  t  is Additive White Gaussian Noise
(AWGN) with zero mean and two-sided power spectral density is N 0 2 [14].
In a given channel environment, the received signal can be written again as
r t   s t   h t   n t 

(6)

Where s  t  is the transmitted signal, and h  t  is the impulse response which can be
expressed as:
h  t ,
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Where   .  is the dirac delta function, K is the total number of clusters and L k is total
number of rays in k cluster. The scalars  k l ,  k l and  k l denote the complex amplitude,
delay and azimuth of the k th ray of the l th cluster. Similarly, the scalars T k and  k represent
the delay and mean angle-of-arrival (AOA) of the k cluster. The Figure 4 denote the
signal s  t   h  t  .
th

th

Figure 4. Signal with Impulse Response
2.4. Additive White Gaussian Noise
Additive White Gaussian Noise (AWGN) is the traditional noise with mean is zero and
two-sided power spectral density is N 2 . The Figure 5 denote the received signal with
AWGN.
0
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Figure 5. Received Signal with AWGN

3. TOA Estimation
3.1. TOA Estimation Based on Matched Filtering
Matched Filtering is one of the optimal filters. The output value reaches the maximum
when the input signal having a particular waveform. It is generally considered the
Matched Filtering is the correlation calculation. The correlation function can be expressed
as:
rx s   d

Where T 0

 Tp 2



1
T0



T0

r t  s t   d  dt

(8)

is integration cycle, T p is pulse width, r  t  is the received signal,

and s  t  is the transmitting signal. The goal is to obtain an unbiased estimate of the
TOA  by observing the received signal r  t  . A correlator receiver is used to
correlate r  t  with a reference template r  t    (the output of correlate is shown in the
Figure6 and calculates the propagation delay  corresponding to the position of the
correlation peak given by
  a rg m a x


 r t  s t    dt

(9)

The distance between the transmitter and receiver can then be estimated as d
where c is the speed of light.
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Figure 6. Output with Matched Filtering in Channel CM1.1
3.2. TOA Estimation Based on Energy Detector
As shown in Figure 7 [22-23], after the amplifier, the received signals are squared, and
then input to an integrator with integration period T b . Because of the inter-frame leakage
due to multipath signals, the integration duration is 3 T f / 2 , so the number of signal values
for Energy Detector is Nb= 3 T f
z n 

/ 2 Tb
N

 
i 1

. The integrator outputs can be expressed as:
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Where n  1, 2 , . ., N b  denotes the sample index with respect to the starting point of the
integration period and N is the number of pulses per symbol. The final output of integrator
is shown in the Figure 8.

Amplifier

Square

Integrator

Judgement

TOA Estimation

Figure 7. Block Diagram of Energy Detection Receiver

Figure 8. Output with ED in Channel CM1.1
There are many TOA estimation algorithms based on energy detection for determining
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the start of a received signal. The simplest is Maximum Energy Selection, which chooses
the maximum energy value to be the first. The TOA is estimated as the center of the
corresponding integration period appropriate threshold. In this case, the TOA estimate is
given by




 M E S   a r g m a x  z  n   0 .5  T b


1 n  N b

(11)



It is difficult to determine an appropriate threshold directly, so usually a normalized
threshold  is calculated. Using  ,  is given by
    m a x  z  n    m in  z  n     m in  z  n  

The TOA estimate, 

TC

(12)

, is then obtained using (13).
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1 n  n m ax
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4. Simulation Results and Performance Comparisons
In order to fully study the effects on performance of 60GHz wireless communication
system in different receiving way, the CM1 (residential LOS) and the CM2 (residential
NLOS) channel models from the IEEE802.15.3c standard is employed respectively. We
made great amount of simulations, for each simulation, 1000 channel realizations were
generated at the same time. The emphasis of the study that we made focused on the
following aspects:
(1)What is the relationship between the distance from the transmitter to the receiver
and receiving method;
(2)How can the accuracy of the ranging be influenced because of change of the signal
sampling frequency in various of receiving method;
(3)Whether the signal-to-noise ratio (SNR) will affect the results of ranging or not;
(4)What influence may be exerted on the accuracy of the ranging as a result of different
normalized threshold  ;
(5)What impact may be made on the accuracy of the ranging as a result of different
integration period T b ;

Figure 9. Ranging with Distance in Channel CM1.1
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Figure 10. Ranging with Distance in Channel CM2.1
Aimed at the first problem, 1000 channel realizations were generated and sampled
at f  1 0 1 1 Hz and SNR=5dB for different receiving methods. The distance ranges from 4
to 10 meters. As shown in Figure 9 and Figure 10. Whether in LOS or NLOS environment,
ranging results based on Matched Filtering performed much better relative to other
methods. The ranging accuracy under LOS is significantly higher than that in NLOS
environment. For Maximum Energy Selection algorithm, ranging error will gradually
smaller with the increase of the distance between nodes, integration period has little effect
on the range accuracy.
For the threshold-crossing algorithm, in the case of the same Integration Period,
ranging error will degrade with the Normalized Threshold increases, at the same time, the
Normalized Threshold should be increased correspondingly in order to improve the range
accuracy with the increase of the distance vice versa. (For example, in the range of
7m-10m, the accuracy of rang is significantly higher when Integration Period equal to 4ns
than the Integration Period equal to 1ns).

Figure 11. Ranging with Frequency in Channel CM1.1
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Figure 12. Ranging with Frequency in Channel CM 2.1
As for the relationship between the accuracy of range and Sampling Frequency, 1000
channel realizations were generated and sampled at SNR=5dB for different receiving
methods. The Sampling Frequency ranges from 0.1GHz to 1000GHz. Under different
channel environment, the final results of the simulation what influence may be exerted on
the accuracy of the ranging as a result of different Sampling Frequency are displayed in
the Figure 11 and Figure12.
In theory, with the increase of the Sampling Frequency, the ranging accuracy should
gradually improve, but in the real environment, because of the influence of various factors
such as noise and characteristics of 60GHz pulse signal, that is not the case. As can be
seen from the simulation results, Whether in LOS or NLOS environment, for the Matched
Filtering algorithm, when Sampling Frequency reaches a certain value (e.g., when
11
f  1 0 Hz), the accuracy will not significantly be improved with the increase of the
Sampling Frequency. At the same time, the time it takes the Matched Filtering algorithm
will be significantly prolonged.
In particular, when the sampling frequency is too high (e.g., when f  1 0 1 2 Hz), the
time it takes will be dozens of times even hundreds times longer than the Energy Detector
algorithm. Therefore, it is not realistic to improve accuracy by increasing the signal
Sampling Frequency due to the limitation of hardware, materials technology and so on in
reality. In connection with the problem, the Energy Detector algorithm has incomparable
advantages in term of saving time. For the Energy Detector algorithm, overall, the error
increases with the increasing of the Sampling Frequency, and then decreases. For the
Threshold Crossing algorithm, the Integration Period should decrease when the Sampling
Frequency is low vice versa.
For different Sampling Frequency, the Normalized Threshold has little influence on
ranging precision. Although it can be appropriate to reduce the Sampling Frequency for
the Energy Detector algorithm, but it must meet T b   1 f  . (e.g., when T b  1 ns and
f  10

8

Hz, the Energy Detector algorithm is invalid). There is no such restriction in terms
of the Matched Filtering algorithm. Although the error increases rapidly when the
Sampling Frequency is too petty, but it still exists. (e.g., when f  1 0 8 Hz, the estimation
is13.2m in the CM1 (residential LOS) but 186.0722m in the CM2 (residential NLOS)
channel models.)
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Figure 13. Ranging with SNR in Channel CM 1.1

Figure 14. Ranging with SNR in Channel CM2.1
As for the third problem, 1000 channel realizations were generated and sampled
at f  1 0 1 1 Hz for different receiving methods. The SNR ranges from -5dB to 40dB. Under
different channel environment, the final results of the simulation whether the SNR will
affect the results of ranging or not as a result of different SNR are displayed in the Figure
13 and Figure 14.
In theory, with the increase of the SNR, the ranging accuracy should gradually improve,
but in the real environment, because of the influence of various factors such as noise and
characteristics of 60GHz pulse signal, that is not the case. As can be seen from the
simulation results, whether in LOS or NLOS environment, for the Matched Filtering
algorithm, when SNR reaches a certain value (e.g., when SNR=20dB), the accuracy will
not significantly be improved with the increase of the SNR, but at the same time, when
the SNR decreased less than 5dB, the range error will increase significantly.
For the Maximum Energy Selection and Threshold Crossing (when Normalized
Threshold is 0.9) algorithm, overall, the error increases with the increasing of the SNR,
and then decreases. But the accuracy of ranging stays almost level when the SNR less
than 5dB. For Threshold Crossing (when Normalized Threshold is 0.4) algorithm, the
error decreases rapidly with the increasing of the SNR, and then flats.
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5.Conclusion
In this paper, in order to process the received signals much more accurately, two
algorithms (such as the Matched Filtering algorithm and the Energy Detectoring
algorithm) were studied deeply from five aspects respectively such as the distance
between nodes, sampling frequency, normalized threshold, the integration period,
signal-to-noise ratio under different channel environments. We can see from the simulated
results. No matter under what circumstances, the Matched Filtering algorithm
performance much more superior than the Energy Detector algorithm. But in practice, the
Matched Filtering algorithm is not easy to achieve, which is limited by many objective
conditions (such as hardware, material technology, etc.). At the same time, although the
Energy Detector algorithm is slightly inferior in performance compared with the Matched
Filtering algorithm, it is much more practical associated with lower hardware
requirements.
A Matched Filtering is the optimal strategy for TOA estimation, where a correlator
template is matched exactly to the received signal. However, a receiver operating at the
Nyquist sampling rate makes it very difficult to align with the multipath components of
the received signal. In addition, a Matched Filtering requires a priori estimation of the
channel, including the timing, fading coefficient, and pulse shape for each component of
the impulse response. Because of the higher sampling rates and channel estimation, a
Matched Filtering may not be practical in many applications. As opposed to a more
complex Matched Filtering, an Energy Detector is a non-coherent approach to TOA
estimation. It consists of a square-law device, followed by an integrator, sampler and a
decision mechanism. The TOA estimate is made by comparing the integrator output with
a threshold and choosing the first sample to exceed the threshold. This is a convenient
strategy that directly yields an estimate of the start of the received signal. Thus, a low
complexity, low sampling rate receiver can be employed without the need for a priori
channel estimation. So in the future, we will try to design the fixed threshold for the
Energy Detector.
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