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Abstract — Random Access is an important aspect of mobile
systems where multiple users are always competing for
resources. However, noise and interference imposes a
significant problem to those systems causing them to falsely
detect access requests. In consequence, unnecessary processing
and air traffic are generated based upon these unreal request
events. This paper presents a modified Cell-Average Constant
False Alarm Rate (CA-CFAR) strategy applied to crosscorrelation peak detection of random access CAZAC (Constant
Amplitude and Zero-Autocorrelation) preambles in the
presence of noise. Interference is also considered as
uncorrelated noise, since the signals from other LTE cells are
scrambled with different seeds (Physical Cell IDs). Simulation
results indicate that the proposed method performs well even
in the case of low SNR.
Keywords: CA-CFAR, CAZAC, LTE, PRACH, Random
Access, Signal Detection, Zadoff-Chu Sequence.

I.

INTRODUCTION

The Random Access Channel (RACH) in Long Term
Evolution (LTE) systems is mainly used for User Equipment
(UE) to request resources from the Base Station (BS) [4]. In
the Physical Random Access Channel (PRACH), cyclicshifted versions of Zadoff-Chu (ZC) sequences are adopted
as preambles. This adoption is based on the fact that ZC
sequences present Constant Amplitude and Zero AutoCorrelation (CAZAC) properties [1-3], which turn them
ideal to generate different preambles based on cyclic-shifted
versions of the same root ZC sequence. Even when different
root sequences are used, the cross-correlation exhibits high
discrimination ability among the available preambles. A
LTE UE can generate preambles by randomly selecting
different root ZC sequences or by applying random cyclic
shifts to the same ZC sequence [5, 6].
When detecting multiple random access requests from
users in a mobile network, the task of a Random Access
Detector is to decide whether only noise or requests-plusnoise are present. Interference from other cells is scrambled
in LTE and will appear as uncorrelated noise. Therefore, this
article only considers the effect of noise in the proposed
method of detection.
A RACH detector typically determines if multiple
accesses to the network are been requested based upon
statistical computations of the cross-correlation function
between the received PRACH signal and a root ZC
sequence. The results from this statistical analysis are
employed to calculate a threshold value that is then used to
decide whether there are users requesting access or not.
Correct selection of the threshold is very important once it

determines the probability of false alarm, as well as the
probability of detection [10].
It is of extreme necessity to determine a threshold value
that produces both low alarm rate and good detection rate.
However, the uncertainty of the noise variance is an
important problem for the determination of a proper
threshold. In the literature there are some well-known
techniques for the reducing the noise effect [12]. One of
them is the Cell-Averaging Constant False-Alarm Rate (CACFAR) method. CA-CFAR detectors have been proposed in
[13] and [14] and consist of two steps: removing of the
corrupted reference cells, also known as censoring, and the
actual detection. In CA-CFAR detection, the detection
threshold is the sum of the squared noise-only reference
samples multiplied by a scaling factor [7]. In the case of
wireless channels where the noise statistics are unknown,
constant false alarm rate (CFAR) strategies can be used
[15]. Therein the detection threshold is determined by using
reference sets [15, 16].
In this paper, a modified version of the CA-CFAR
method is presented and assessed. It is employed for
detecting the presence of preamble sequences in the random
access channel. The remainder of this work is organized as
follows. Section II briefly describes the structure of the LTE
signal. Section III introduces both the PRACH receiver
structure adopted for user detection and the energy
measurement the proposed method relies on. In Section IV,
a modified version of a CA-CFAR detector is proposed.
Results are presented and discussed in Section V. Finally,
Section VI gives the conclusions.
II.

LTE SIGNAL STRUCTURE

The LTE standard is based on Orthogonal Frequency
Division Multiple Access (OFDMA) to reach high data rates
and data volumes. High order modulation (up to 64QAM),
large bandwidth (ranging from 1.25 MHz and up to 20
MHz) and Multiple Input Multiple Output (MIMO)
transmission schemes in the downlink (up to 4x4) is also a
part of the standard. The highest data rate is 75 Mbps in the
uplink and with MIMO the rate can be as high as 300 Mbps
in the downlink [8].
In order to achieve higher radio spectral efficiency, a
multicarrier approach for multiple accesses is employed.
OFDMA is used as the downlink modulation scheme and
Single Carrier - Frequency Division Multiple Access (SCFDMA) is used as the uplink scheme. LTE supports two
duplex methods, namely, Frequency Division Duplex (FDD)
and Time Division Duplex (TDD).
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Fig. 1. LTE Generic Frame Structure for uplink LTE transmissions
Systems.

The LTE standard also defines two frame structures:
Type 1, used in FDD and Type 2, used in TDD [4]. This
work will only focus on the FDD method and consequently,
Type 1 frame structure.
A. LTE Generic FDD Frame Structure
Fig. 1 shows the LTE Generic Frame Structure for
Uplink Frequency Domain Duplexing (FDD) [9]. As can be
seen, LTE frames are 10 [ms] long. They are divided into 10
sub-frames with each sub-frame being 1.0 [ms] in duration.
Each sub-frame is further split into two slots, each of 0.5
[ms]. Slots consist of either 6 or 7 ODFM symbols,
depending on whether normal or extended cyclic prefix is
employed.
The basic unit defined in the LTE system is called
Resource Element (RE). A RE consists of one OFDM subcarrier in one of the 6 or 7 OFDM symbols carried by a slot.
In LTE, OFDM sub-carriers are spaced 15 KHz apart from
each other. In the frequency domain, these sub-carriers, i.e.,
REs, are aggregated into groups of 12 consecutive subcarriers in order to form Resource Blocks (RBs), which
occupies a total bandwidth of 180 KHz in one slot duration.
Resource Blocks, using pairs of slots (subframes), are
employed to carry physical channels, e.g. PDSCH in the
downlink and PUSCH in the uplink. PRACH is an exception
because its time structure is design to fit a frame in the time
domain and 6 RBs in the frequency domain. Furthermore,
the PRACH subcarrier space is design to be 12 times less
than downlink OFDMA and uplink SC-FDMA,
corresponding to only 1.25 KHz.
As can be seen in Fig. 1, the PRACH is time and
frequency-multiplexed with PUSCH and PUCCH. PRACH
time-frequency resources are semi-statically allocated within
the PUSCH region, and repeated periodically. The
possibility of scheduling PUSCH transmissions within
PRACH slots is left to the eNodeB’s discretion [1, 10].
B. Random Access Channel and Preamble Sequence
Generation
The Random Access Channel (RACH) is an uplink
transport channel originated in the MAC layer, which is
primarily used for initial network access and short message
transmission, i.e. from UE to eNodeB (base station). The
main purpose of the random access procedure is to obtain
uplink time synchronization and to obtain access to the
network [10]. The RACH channel is mapped into the
PRACH channel.

12,5 sub

SC-FDMA

OFDM

Fig. 3. PRACH preamble mapping onto allocated subcarriers [10].

The PRACH preamble, illustrated in Fig. 2, consists of
three parts: a Cyclic Prefix (CP) with length TCP, which is
added to the preamble in order to effectively eliminate InterSymbol Interference (ISI), a signature or sequence part of
length TPRE and of a guard period TGP which is an unused
portion of time at the end of the preamble used for absorbing
the propagation delay. The standard defines four different
preamble formats for FDD operation [5]. Parameters TPRE,
TCP and TGP are set according to the chosen preamble format.
Prime-length ZC sequences are adopted as random
access preambles in LTE systems due to its CAZAC
properties, i.e., all points of the sequence lie on the unit
circle and its auto-correlation is zero for all time shifts other
than zero [1, 2]. These properties make ZC sequences very
useful in channel estimation and time synchronization and
also enable improved PRACH preamble detection
performance [10].
The PRACH sequence, which is normally 800 [μs]
long, is created by cyclically-shifting a ZC sequence of
prime-length NZC, defined as [5]:
( )

[

(

)
]

(1)

where u is the ZC sequence index, n is the time index and
the sequence length NZC = 839 for FDD systems [5]. This
sequence length, NZC, corresponds to 69.91 Physical Uplink
Shared Channel (PUSCH) subcarriers in each SC-FDMA
symbol, and offers 72 − 69.91 = 2.09 PUSCH subcarriers
protection, which corresponds to one PUSCH subcarrier
protection on each side of the preamble [5]. Note that the
preamble is positioned centrally in the block of 864
available PRACH subcarriers, with 12.5 null subcarriers on
each side.
The PRACH occupies a bandwidth of 1.08 MHz that is
equivalent to 6 Resource Blocks (RB). Differently from
other uplink channels, PRACH uses a subcarrier spacing of
1250 Hz for preamble formats 0 - 3 [5].
The preamble sequence, i.e., the NZC points generated
by eq. (1), is specifically positioned at the center of the 1.08
MHz bandwidth so that there is a guard band of 15.625 KHz
on each side of the preamble, which corresponds to 12.5
subcarriers. These guard bands are added to PRACH
preamble edges in order to minimize interference from
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PUSCH. Fig. 3 depicts the PRACH preamble mapping
according to what was just exposed.
Therefore, the PRACH time-continuous preamble
signal ( ) can be written as follows [5]:

( )

∑

( )

∑

(2)
(

(

))

(

)

(

)

where
is an amplitude scaling factor,
controls the
preamble location in the frequency domain,
and
are
subcarrier spacing for PUSCH and PRACH respectively and
φ is a fixed offset determining the frequency-domain
location of the PRACH preamble within the physical
resource blocks.
From the uth root ZC sequence, random access
preambles with zero correlation zones of length NCS - 1 are
defined by cyclic shifts according to:
( )

((

)

)

(3)

where NCS gives the fixed length of the cyclic shift, v is the
sequence index and Cv is the cyclic shift applied to the root
ZC sequence. All the possible values for these parameters
are defined in [5].
C. Zadoff-Chu Sequences and Zero Correlation Zones
The main benefit of the CAZAC property is that it
allows multiple orthogonal sequences to be generated from
the same root ZC sequence. Indeed, if the periodic
autocorrelation of a ZC sequence provides a single peak at
the zero lag, the periodic correlation of the same sequence
against its cyclic shifted replica provides a peak at lag NCS,
where NCS is the number of samples of the cyclic shift and is
defined in [5]. This creates a Zero-Correlation Zone (ZCZ)
between the two sequences. As a result, as long as the ZCZ
is dimensioned to cope with the largest possible expected
time misalignment between them, the two sequences are
orthogonal for all transmissions within this time
misalignment i.e., the cyclic shift offset NCS is dimensioned
so that the ZCZ of the sequences guarantees the
orthogonality of the PRACH sequences regardless of the
delay spread and time uncertainty of the UEs [5, 10].

III.

PRACH RECEIVER

In this section we present and explain the functionality
of the PRACH receiver architecture adopted in this work. In
the literature there are two approaches for PRACH
receivers, the full frequency-domain one and the hybrid
time/frequency domain one. The basic difference between
the two approaches is the way each of them computes the
sub-carriers bearing the preamble signal. The full frequencydomain approach easily extracts the PRACH sub-carriers by
using a large IDFT, e.g., for a 20 MHz bandwidth system it
would require 24576 points. This approach does not need
any further processing in order to retrieve the transmitted
cyclically shifted ZC sequences. However this large IDFT
sizes leads to cumbersome implementations [10].
In order to reduce the complexity, especially for the
number of multiplications performed at the preamble
detector at eNodeB, we adopt the hybrid time/frequency
domain approach, which results in more practical
implementations [10]. Fig. 4 depicts the PRACH receiver
architecture adopted in this paper.
The received signal is first pre-processed in time
domain, then transformed to the frequency domain by the
FFT block and multiplied with the Fourier transformed
RACH sequence. The cross-correlation is obtained by
transforming the multiplication result back to time domain,
which is performed by the IFFT and zero-padding blocks.
Fig. 4 describes the main components of the RACH
preamble detector, using a DFT-based (frequency-domain)
SC-FDMA receiver [11].
The first block in Fig. 4 represents a down-converter,
which shifts the PRACH pass-band signal to base-band.
After down-converting the signal, a linear filter is applied in
order to avoid aliasing after decimation. The result of the
decimation block is fed into the CP removal block. After
removing the Cyclic Prefix, the FFT engine transforms the
SC-FDMA symbols from time domain into frequency
domain. The sub-carrier de-mapping block extracts the
RACH preamble sequence from the output of the FFT
engine. The result of sub-carrier de-mapping is multiplied
by the root ZC sequence and then fed into a zero-padding
block. Finally, the IFFT engine transforms the crosscorrelation result from frequency domain into time domain.
All samples coming out of the IFFT block have their squaremodulus calculated producing the Power Delay Profile
(PDP) samples. For further information on this receiver
architecture, refer to [10].
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The preamble detection block employs the PDP
samples to estimate noise power, set the detection threshold
and then decide whether a preamble is present or not. As
output of the detection process this block sends to the MAC
layer the Signatures, Cv and Channel Propagation Delay,
NCH (also referred as Time Advance, TA) estimates of all
detected preambles.
A. Power Delay Profile Computation
The LTE PRACH receiver benefits from the PRACH
format and CAZAC properties as described in [11] by
computing the PRACH Power Delay Profile (PDP) through
a frequency-domain periodic correlation. The PDP of the
received sequence is given by:

()

| ( )|

| ∑

( )

[(

)

]|

Two simultaneous transmitions

PROPOSED MULTI-STAGE PREAMBLE DETECTION
ALGORITHM

The energy measurement and the collected data
processing are performed in baseband by a device with the
architecture depicted in Fig. 4. The detection method
proposed here is carried out in three stages making use of
the
samples.
The preamble detection procedure consists basically of
hypothesis tests following the Neyman&Pearson lemma

UE
eNodeB

….

(4)

where ( ) is the discrete periodic correlation function
at time lag between the received sequence ( ) and the
locally generated root ZC sequence ( ) where (.)* denotes
the complex conjugate. The length of both sequences is NZC.
It is worth noticing that by making use of the properties of
the DFT, ( ) can efficiently be computed in the frequency
domain.
The fact that different PRACH signatures are generated
by applying randomly selected cyclic shifts to a common
root ZC sequence means that the frequency-domain
computation of a root ZC sequence provides in a one-shot
the concatenated
s of all signatures derived from the
same root ZC sequence [10]. Therefore, the signature
detection process consists in searching the
samples for
peaks above a given detection threshold over a search
window which corresponds to the cell size. Fig. 5 illustrates
the result of the computation of the PDP when two different
users transmit two simultaneous preambles. As depicted in
the figure, by searching the PDP for peaks above a given
threshold it is possible to estimate both the preamble ID and
the propagation delay of each user.
Due to the unique correlation properties of ZC
sequences, the preamble ID is indicated by the peak position
information and its cyclic shift value, Cv. If the preamble is
received with a certain amount of propagation delay, the
peak position is affected not only by Cv but also by the
amount of propagation delay. As illustrated in Fig. 5, the
position of a peak is delayed in temporal domain by the
amount of propagation delay. According to this, the
preamble detection algorithm can estimate the ID and its
propagation delay exactly if the quantity of propagation
delay in temporal domain is less than the cyclic shift offset,
NCS [10, 20].
IV.

….

Fig. 5. Cross-correlation result (b) is presented when two simultaneous
cyclic-shifted ZC versions are transmitted as preambles. Figure (a) is
simplified to show only the cyclic shifts applied to the root ZC
sequence ( ). Figure (b) is also simplified, showing only the crosscorrelation peaks.

[17]. This lemma establishes that detectors based on
likelihood ratio tests:
(5)
where the hypothesis H0 is rejected in favor of H1 when the
desired signal (preamble) is present, is optimum when the
cumulative distribution function (CDF) of this ratio given
the hypothesis H0 is known, so that it is possible to calculate
the threshold that satisfies:
{

|

}

(6)

for a given false rejection probability PFR. Typically, the
derivation of this function assumes the knowledge of the
probability distribution function of both random variables
and
.
The method proposed in this paper is composed of three
stages. The first stage is used to identify
samples that
can be considered as containing only the presence of noise,
i.e., energy samples, which better represent the
hypothesis . These noisy-only samples are used to
calculate an energy value employed as reference, PDPref.
The reference value, PDPref is used in the second stage
to calculate the decision threshold of the hypothesis test.
The third stage makes use of both the decision threshold
and the reference value, PDPref, to test each one of the
samples. This procedure makes it possible to reliably
decide if there is signal being transmitted on the PRACH
channel.
A. Censoring Algorithm and Calculation of the Reference
Noise Energy
The censoring algorithm adopted in this paper is known
as Forward Consecutive Mean Excision (FCME) [16]. The
basic principle of the algorithm consists in sorting the
samples in ascending order of energy.
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Fig. 6. Summary of the proposed multi-stage detection algorithm: (a) Stage 1 is used to calculate
(b) Stage 2 is used to calculate threshold ; (c) last stage uses Statistical test to calculate and

{

( )|

(7)

present a non-central Chi-squared distribution with 2
degrees of freedom and mean given by [10]

which results in the ordered set:
()

{

(8)

where,
( )

( )

()

[

|

( )

(

)

()

∑

( )

∑

()

{

( )

∑

{

()

|

}

(11)

where
is a predefined constant. Each iteration starts
with equal to the size of the smallest assumed clean set of
samples. The larger the smallest assumed clean set is
the better censoring works. However, if the assumed clean
set is too large, the probability that corrupted samples will
be part of the initial clean set increases. The iteration
procedure continues until the test in eq. (10) is true for some
value of or all the reference samples are decided to be
signal-free [15].
As the quadrature components of the correlation signal
( ) present Gaussian distribution with zero mean and
variance equal to
, the
samples, consequently,

(12)

[

()

]

(13)

Then the equation for the probability of false disposal
can be approximated by:

(10)

where is the censoring scaling factor at the th step.
( )
The algorithm used to search for
is performed
iteratively, being necessary to calculate the censoring
scaling factor
for each iteration. The scale factor
( )
calculation is done under the initial assumption that
is a
sample that only contains noise, i.e., free of the
presence of signal. Under this assumption, the probability
that this test is true corresponds to a probability of false
disposal
given by

]

Equivalently, each
sample presents an exponential
distribution that is a special case of the Chi-square
distribution. Furthermore, since:

(9)

Then it discards all samples with energy greater than
( )
such that:

;
.

( )

}

(14)

This approach becomes better as the set of reference
samples
increases. Therefore, the probability of false
disposal
can be approximated by:
(15)
The probability of false disposal
can be viewed as
the desired clean sample rejection rate. Samples that have
value above the threshold are discarded and then the new set
consists of the remaining samples. The output of the
censoring (disposal) stage is then defined by the total energy
of the noise reference samples, which is then calculated by:
∑
and also by the number of
calculate
.

()

samples

(16)

employed to

B. Threshold Calculation
After defining the set of reference samples containing
only noise, the next stage consists in testing each
sample against
, which is performed through
evaluation of the following hypothesis test:
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Fig. 7. Simulated detection probability.

()

Fig. 8. Simulated false alarm probability.

(17)

where is the detection threshold which is determined by
the decision method employed. Herein the Cell Averaging
(CA) method is employed to calculate the detection
threshold [15].
The detection threshold
is calculated under the
hypothesis of signal absence, i.e., the reference samples
contain only noise, for a given probability of false alarm
defined as:
()

{

|

}

(18)

Once it is assumed that the quadrature components of
the
have Gaussian distribution, therefore in
consequence, the energy measures
( ) and
present non-central Chi-square distribution with 2
(exponential distribution) and 2 degrees of freedom,
respectively. Given that the ratio between two Chi-square
distributions results in a Fisher distribution whose
cumulative distribution function is given by:
( )

{

then the detection threshold
(
where
Function.

()

}

(19)

is calculated by
)

(20)

is the Fisher Cumulative Distribution

C. Preamble Detection Procedure
The preamble detection procedure consists of searching
for PDP peaks above the detection threshold,
over all
ZCZs. In other words, the test given by eq. (17) is evaluated
against the samples within all ZCZs. If the test is true,
signal(s)-plus noise hypothesis
is chosen, i.e., a user is
requesting access. Otherwise, the noise-only hypothesis
is decided to be true. Fig. 6 illustrates the proposed multistage preamble detection method.
The length of the ZCZs is defined by the NCS parameter
and it corresponds to the cell size. Therefore, the time
misalignment between UE and eNodeB can be measured in
terms of the number of PDP time lags between the detected

peak and the beginning of a ZCZ. This measurement
provides both the transmitted preamble, Cv and the time
advance, TA that must be applied to the UE in order to align
its subsequent uplink transmissions. Both values are
reported back to the MAC layer.
V.

NUMERICAL RESULTS

The threshold given by the method proposed here is
found via computer simulations. The number of Monte
Carlo runs was greater than 105 iterations. The ideal
AWGN channel is assumed. During the simulations, a user
is said present when the energy of a given PDP sample is
greater than the estimated threshold. In this paper, the initial
set size for the censoring stage is made equal to 25% of NZC,
which is the reference set.
For the results presented here, the probability of false
alarm PFA is made equal to 10-4 and the probability of false
disposal PFD is made equal to 10-3 and therefore, evaluating
equation (14) results that the value for
is
.
Fig. 7 shows the simulated detection probability for one
signature generated from one ZC root sequence when the
SNR varies from -30 [dB] up to 30 [dB]. It can be noticed
that for SNR values greater than -20 [dB], the probability of
correct detection is 1, i.e., the presence of a preamble is
always detected.
Fig. 8 depicts the corresponding false alarm probability
when the SNR varies from -30 [dB] up to 30 [dB]. It can be
noticed that PFA varies from approximately 1.03 x 10-4 up to
1.1 x 10-4, showing that the method keeps PFA close the
value set previously for that parameter.
A comparison between the desired PFA, which is varied
from 1 x 10-5 up to 1 x 10-4, and the value achieved by the
proposed method is presented in Fig. 9. As can be noticed,
the achieved PFA value stays rather close to the desired one.
Fig. 10 shows PD versus PFA (ROC plot). In that figure
PFA is also varied from 1 x 10-5 up to 1 x 10-4 with SNR
equal to 0 [dB]. It shows an ideal ROC curve where the
presence of a user is always detected independently of the
value of PFA.
The proposed method achieves better performance than
the methods presented in [18] and [19], where the
probabilities of false alarm, PFA, are 5 x 10-3 and 10-4
respectively. The only drawback presented by the method is
its moderate to high computational complexity due to the
sorting procedure, to the iterative search for a reference set
containing only noise and to the test procedure which checks
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Fig. 9. Comparison between the desired PFA and the actually achieved
value, where SNR = 0 [dB].

each one of the PDP samples for the presence of the desired
signal. This drawback increases the time the method takes to
detect the presence of a user and may impose a constraint to
both the number of users it can simultaneously detect and
the cell size depending on the architecture the method is
implemented.
VI.

CONCLUSION

A multi-stage preamble detection algorithm based on a
CA-CFAR method was proposed in this paper. Its main goal
is to detect CAZAC sequences that are sent by UEs in order
to request the allocation of resources. The numerical results
showed that the modified iterative CA-CFAR method
proposed here could detect the presence of a user even in the
case of SNR as low as -17 [dB]. Also, as the results
presented here show that the proposed method does well
even in low SNR environments it could be suitable for
cognitive radios.
Future work will concentrate on investigations to
improve the performance and decrease the computational
complexity presented by the proposed method allowing it to
be easily implemented in any architecture. Additionally, the
influence of the use of antenna diversity over the
performance of the method will be assessed as well.
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