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Abstract — Comprehensive long term evolution of the
Universal Mobile Telecommunications System (UMTS)
specifications is currently ongoing to provide significant
improvement over the current release. Important goals for
the evolved system include significantly improved system
capacity and coverage, low latency, reduced operating
costs, multi-antenna  support, flexible bandwidth
operations and seamless integration with existing systems.
To ensure low latency, users must be able to establish a
connection to the network quickly. This paper provides a
preliminary design and procedure for the random access
channel used to establish a connection when the mobile is
not yet time-synchronized to the network in the uplink.

[. INTRODUCTION

With the emergence of packet-based mobile broadband
systems such as 802.16e, it is evident that a comprehensive
long term evolution (LTE) of UMTS is required to remain
competitive. As a result, work has begun on Evolved UMTS
Terrestrial Radio Access (E-UTRA) aimed at commercial
deployment around the 2010 timeframe. Long term goals for
the system include support for high peak data rates (100 Mbps
downlink and 50 Mbps uplink), low latency (10ms round-trip
delay, 100ms control plane delay), improved system capacity
and coverage, reduced operating costs, multi-antenna support,
efficient support for packet data transmission, flexible
bandwidth operations (up to 20 MHz) and seamless integration
with existing systems [1]. To reach these goals, a new design
for the air interface has been adopted with Orthogonal
Frequency Division Multiple Access (OFDMA) in the
downlink and Single-Carrier Frequency Division Multiple
Access (SC-FDMA) in the uplink.

When the mobile is not time-synchronized to the base
station in the uplink, it must use a contention-based random
access channel to access the network. It may use this channel
to request initial access, initiate handoff procedure, and
transition from idle to connected state. To ensure low latency,
random access procedure must be designed such that the
control plane latency requirement of less than 100 ms is
achieved. This paper provides a preliminary physical layer
design and procedure for random access in E-UTRA.

II. E-UTRA RANDOM ACCESS

Figure 1 illustrates non-synchronized random access
structure. In the figure, random access occupies a bandwidth
of BWra = 1.08 MHz and its length is a multiple of 1ms sub-
frame. Multiple frequency regions may be defined within one
access period in order to provide sufficient random access
opportunities. In addition, this access period occurs at a fixed
timing from the system broadcast frame. Although the timing
is known, the number, location, and periodicity of the channels
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are signaled on the broadcast channel. In addition, these
parameters may be configurable based on random access load.
Note that data transmission may also be scheduled in the
random access regions at the discretion of the scheduler.

—TTl—>

DATA TRANSMISSIOI

Random Access
Region

BWsystem
“«BW >

—Trp—>

Trarer
[Oscheduled Data [l Random Access Burst [l Cyclic Prefix B Guard Interval
Figure 1. Non-synchronized random access.

Within each random access region, multiple users may access
the channel simultaneously by selecting different preambles.
The preambles must exhibit good detection performance and
robustness to interference as well as provide accurate timing
estimation. This is because in E-UTRA uplink transmissions
must be synchronized in order to prevent interference. In [8], it
was shown that Ep/No (energy per sequence over noise) of
approximately 16-18 dB is required to achieve 1% false alarm
and missed detection probabilities. In addition, random access
must be possible from the cell edge where the operating C/I
may be very poor. As a result, to meet coverage requirement, it
was determined that only the preamble (and no message) can
be transmitted in the contention channel. From coverage
perspective, it was determined that 64 different preambles can
be supported per random access region.
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Figure 2. Non-synchronized random access burst.

Figure 2 illustrates the baseline 1.0ms random access burst
with cyclic prefix (Tcp) of 100us, preamble length of 800us,
and guard time (Tgp) of 100us. A cyclic prefix is added to aid
in frequency domain processing in order to reduce detection
complexity. A guard interval is required to prevent
interference to other transmissions arising from timing
misalignment. This timing misalignment between mobiles in
the cell is dependent on the cell size and the 100us guard
interval corresponds to a supportable cell radius of
approximately 14 km. However, in E-UTRA, random access
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must be designed to support large cells of size up to 100 km.
In this case, repetition is used to extend the random access
burst with appropriate adjustments to the cyclic prefix and
guard period.
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Figure 3. Extended random access burst for 1arge cells.

For instance, to support a 25 km cell, an extended 2ms random
access burst is deployed as shown in Figure 3 where the 800us
preamble is repeated twice with the cyclic prefix length and
guard interval each extended to 200Ls.

III. RANDOM ACCESS PROCEDURE

A. Access Procedure

Figure 4 provides the random access procedure for initial
access. Four different messages are exchanged as part of the
random access procedure and contention resolution. They are
(1) random access preamble, (2) random access response, (3)
RRC connection request, and (4) RRC contention resolution.
First, a mobile randomly selects a random channel. Next, it
selects a random preamble from the set of available preambles.
The mobile then determines the initial power setting using
open-loop power control and transmits the preamble.

Mobile Base Station Access Gateway

[———————Random Access Pream ble————p;
[¢——Random Access Response—————

———————RRC Connection Request——p{--- L2/L3 Message- - P

[¢——RRC Contention Resolution————

_L2/L3 Message

Response

Figure 4. Random access procedure.

[¢—RRC Connection Response

Upon reception of the random access preamble, the base
station sends a response in a semi-synchronous manner in
order to allow for some scheduling flexibility and load
balancing. This response is sent using a combination of L1/L2
control and downlink shared data channels. The L1/L2 control
channel points to the location within the shared data channel
where the actual random access response is contained. Note
that multiple responses may be multiplexed into the shared
data channel. Each random access response contains an uplink
scheduling grant for RRC connection request transmission,
timing advance information, and an assignment of a temporary
C-RNTI (Cell Radio Network Temporary Identifier). Timing
advance information is used by the mobile to time-
synchronized its uplink transmission. Note that H-ARQ is not
used for transmission of the random access response due to
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possible contention (i.e. more than one mobiles selecting the
same preamble sequence).

In the third step, the mobile transmits its RRC connection
request in the uplink using its temporary C-RNTI. Included in
this message is the mobile identifier and whether this mobile
has already been assigned a C-RNTI from its previous network
access. This message is of dynamic size and H-ARQ can be
used to ensure it is successfully received at the base station.
The temporary C-RNTI will serve as its identity for contention
resolution purposes which the base station would echo in the
fourth message. This would serve as an early indication if a
collision occurred during the previous transmission and allow
the mobile to reinitiate random access procedure as soon as
possible. Otherwise, the mobile will have to wait until the fifth
message before contention is resolved. This may incur
significant delay since the RRC connection request response
has to come from the Access Gateway.

B. Random Access Load and Overhead

Non-synchronized random access will be used for initial
access, handoffs to a non-synchronized cell, and scheduling
requests. In general, random access load will be dominated by
handoff requests. For random access load approximation, a
traffic model representing busy hour traffic statistics was
provided in [10]. In this model, two different traffic types
were considered — real-time service such as VoIP and non real-
time service such as web browsing. For real-time service, an
average of 1 call per hour per user is assumed with the call
duration of 90 seconds. For non real-time traffic, an average of
2 calls per hour per user is assumed with duration of 300
seconds. To estimate the number of handoffs, a mobile is
assumed to change serving cell every 20 seconds. Using this
traffic model, Figure 5 illustrates the probability of collision as
a function of the number of camped mobiles within the cell for
different random access overheads.
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Figure 5. Random access collision probability.

From the figure, it is seen that amount of random access
overhead required is naturally dependent on the target collision
probability and cell load. For instance, at 5e-3 collision
probability and 7000 camped mobiles, 3.6% of the system
bandwidth is required to support random access. This
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translates to three random access channels for each 10ms radio
frame. If the collision probability can be relaxed to le-2, then
the overhead is correspondingly reduced to 2.4%. It should be
noted that the traffic model in [10] is somewhat simplistic as
only two traffic types are considered. In some situations the
actual random access load may be significantly higher.
Nonetheless, it may be inferred from the analysis that random
access overhead of 3-6% should be sufficient to handle most
deployment scenarios.

C. Latency Analysis

A key requirement of E-UTRA is to limit control plane
latency to less than 100 ms. From Figure 4, it can be seen that
random access failure due to for example poor radio conditions
or missed detection can happen in each of the four messages.
In addition, contention resolution is not performed until the
fourth message. In [11], it was shown that a minimum of 12
ms is required to complete the RRC contention resolution step
and that a large percentage of users is able to complete the
random access procedure in this time frame. However, 30-50
ms access time may be required for a small percentage of the
mobiles (less than 5%) due to contention. Nonetheless, from
the analysis shown in [11] it may be concluded that control
plane latency of less than 100 ms is feasible with this
procedure.

D. Simultaneous Data Transmission

Since low latency is an important requirement, random
access channels must occur with sufficient frequency (e.g.
every 10 ms or so) which may result in high bandwidth
overhead especially for system with smaller bandwidth. For
10 MHz system, it is seen that random access overhead of 3-
6% may be needed. In [8], it was shown that received
sequence energy over noise of 16-18 dB is required to meet 1%
false alarm and missed detection probabilities. For the 1ms
preamble structure, this energy is spread over 800us resulting
in very low preamble SINR requirement per sub-carrier. Thus,
it should be possible to transmit data simultaneously on some
or all of the resource blocks used for non-synchronized random
access. This is especially beneficial when systems are
temporarily experiencing low random access loads (e.g. in the
middle of the night). Naturally, the decision to schedule data
users in those resource blocks lies with the base station and
other factors such as possible interference should also be taken
into consideration. In practice, the base station may restrict
data transmission only to low QoS traffic such as best effort
services and then for example using very low data rates to
minimize possible interference. As a result, it is being
proposed that data transmission may also be scheduled in the
random access region at the discretion of the scheduler.

E. Preamble Message Content

Because random access load is expected to be small, it
should be possible to convey some implicit information to the
base station while still maintaining low overall random access
collision probability. In this case, approximate knowledge of
channel condition (e.g. good or bad channel) can substantially
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reduce the amount of resource required for the preamble
response. This information may be used as a guide for
downlink power control or link adaptation and possibly for
uplink resource assignment. Without any channel knowledge,
fixed downlink transmission power to reach the desired cell
coverage must be used. This is substantial as the downlink C/I
may be as low as -4 dB at the 95% cell coverage for systems
with 1732 meter inter-site distance and 20 dB penetration loss
[6]. At this operating point, the spectral efficiency is
approximately 0.3 b/s/Hz [7]. Thus, to convey an exemplar
40-bit random access response will require approximately 130
sub-carriers, which is a substantial overhead.

Table 1. Average control channel power saving.

0 0.0
1 4.5
2 6.7

Table 1 lists potential saving in downlink control channel
power allocation if some rough channel quality information is
available assuming uniform distribution of users. From the
table, it is seen that substantial control channel overhead
saving (in power or bandwidth) can be achieved with
knowledge of channel quality information. Although the
addition of this information will correspondingly reduce the
number of random preambles, the effect on collision
probability can be minimized through careful partitioning of
the user space.

F. Dedicated Preambles

In general, UE randomly selects a preamble from the
available set for transmission with possible contention.
However, several proposals have been made to reserve a subset
of preambles for dedicated purposes such as handover, uplink
synchronization, and feedback. Depending on the load and
access pattern, this option may be more efficient than using
random preambles. In this case, preambles are reserved and
allocated to UEs so that they may be use in a contention-free
manner. For example, during handover the target base station
can allocate a specific preamble to a user making the transition
so that the handover process can be performed in a contention-
free manner. For some applications, it may be sufficient to
simply reserve the preambles without having to allocate them
to users. For instance, indicative feedback regarding broadcast
service quality can be provided using just one common
preamble because user-specific information is not required (i.e.
the networks only need to know that some users are
experiencing poor radio conditions, but not which users). In
this case, responses from multiple users are transmitted using a
common preamble. Some energy aggregation may be
performed to further gauge the approximately number of
responses.  Naturally, with the use of dedicated preambles,
capacity on the non-synchronized random access channel is
correspondingly reduced and more time-frequency regions
may be needed to maintain low collision probability for other
random access users.
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IV. PHYSICAL LAYER DESIGN
A. Preamble Sequence Design

Naturally, preamble waveforms for random access should have
good detection probability while maintaining low false alarm
rate, allow accurate timing estimation, and low power de-
rating. Two promising sequences were analyzed - Zadoff-Chu
with Zero Correlation Zone (ZC-ZCZ) [3] and Generalized
Chirp-Like with Zero Correlation Zone (GCL-ZCZ) [4]. A
sequence set with zero correlation zone property has zero
periodic cross-correlation for a contiguous set of delays. Both
sequences belong to a family of Constant Amplitude Zero
Auto-Correlation (CAZAC) sequences. The constant
amplitude results in low peak-to-average power ratio in the
transmitter. This is especially important in the uplink where
peak-to-average power ratio must be kept low due to power
amplifier limitations.

The Zadoff-Chu sequence of length N is given by the
expression

M2 N iseven
gp(n)= 271

2" N s odd

where p, the sequence index, is relatively prime to N (i.e. the
only common divisor for p and N is 1). For a fixed p, the
Zadoff-Chu sequence has ideal periodic auto-correlation
property (i.e. the periodic auto-correlation is zero for all time
shift other than zero). For different p, Zadoff-Chu sequences
are not orthogonal, but exhibit low constant cross-correlation
of 1/4J/N regardless of time shift. If the sequence length N is
selected as a prime number, there are N — 1 different available
sequences. The zero-correlation zone for the Zadoft-Chu
sequence is generated using cyclic shift version of the base
carrier sequence. Note that each zero-correlation zone must be
large enough to accommodate the maximum timing
misalignment between mobiles in the cell, which is dependent
on the cell size. Thus, the number of zero correlation zones
that can be generated per each sequence index p is based on the
sequence length N and the cell size. The maximum available
number of sequences available in the system is then (N-1)xL
where L is the number of zones per sequence index.

The Generalized Chirp-Like (GCL) sequence of length N
is defined as

c(n) =g, (m)b(nmodm), n=0,,..,N-1

with the sequence length N satisfying the relationship N=sm’
where s and m are positive integers. Note that length
constraint of the GCL sequence can be relaxed to N=tm where
t and m are positive integers [5]. The carrier sequence g,(n) is
the Zadoff-Chu sequence of length N. As before, the sequence
index p must be a relative prime to N. Due to the restriction on
the sequence length, the number of available GCL groups is
generally less than that for Zadoff-Chu. To provide a set of
orthogonal GCL sequences, a common Zadoff-Chu sequence is
modulated by m different orthogonal sequences {b;(k)},
i=0,...,m-1. An example of orthogonal modulation is the
Hadamard sequence. The periodic cross-correlation between
any two GCL sequence with the same Zadoff-Chu carrier is
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zero for all delay not equal to an integer multiple of sm. As a
result, the resulting sequence has a zero correlation zone of
length sm-1.

Since in general multiple ZC-ZCZ or GCL-ZCZ sequence
sets may be needed to generate the required number of
preambles, sequence performance will be affected by the cross-
correlation performance between groups. For the ZC-ZCZ,
the periodic cross-correlation between any two sequences is
constant. For the GCL-ZCZ, the cross-correlation depends on
selected indices. Figure 6 illustrates the normalized average
cross-correlation at zero delay between the sequences when
more than one Zadoff-Chu carrier sequences are used. From
the figure, it is seen that when the number of groups is small,
Zadoff-Chu and GCL have similar cross-correlation
performance. However, as the number of groups increases, the
cross-correlation of the GCL sequence is significantly worse
than that of the Zadoff-Chu.

Sequence Cross-correlation - ZC-ZCZ(N=509) and GCL-ZCZ(N=512)
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Figure 6. Normalized average cross-correlation between ZC-
ZCZ and GCL-ZCZ.

Based on the analysis,
summarized as follows —

¢ Both Zadoff-Chu and GCL can be designed to have the
same number of zero-correlation zones based on cell
range. In general, multiple root sequences may be
needed within each cell which will introduce
interference between sequences from different roots.

e The number of available GCL root sequences is less
than that for Zadoff-Chu. Therefore, preamble planning
with GCL will be more complicated.

o As the number the root sequences deployed within a cell
increases, GCL cross-correlation between groups
worsen. On the other hand, it remains the same for
Zadoff-Chu.

As a result, Zadoff-Chu sequence with cyclic shift was selected
as the preamble for E-UTRA. For the baseline preamble
length of 800us, this corresponds to a sequence of length 863
samples.

sequence comparison may be

B.  Sequence Planning

An important aspect of system design is sequence
planning for random access. Based on the chosen sequence
design, 862 different Zadoff-Chu sequences are available. For
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each sequence, a number of possible cyclic shifts are available
based on the cell radius to be supported. However, the number
of possible cyclic shifts should be restricted to a power of two
so that 64 preambles can be exactly constructed from the
appropriate set of Zadoff-Chu root sequences. Naturally, only
one value of cyclic shift is used within a cell based on the
supported cell size. Figure 7 illustrates the number of root
Zadoff-Chu sequences required to provide 64 preambles based
on the maximum cell radius.
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Figure 7. Number of root Zadoff-Chu sequences required.

From the figure, it is seen that in most cases sequence planning
should not be a concern due to the large number of available
Zadoff-Chu root sequences. For instance, even for 30 km
cells, a sequence reuse factor of 53 is provided. Additional
frequency reuse is possible by deploying random access
regions in different frequency regions among cells.

C. Physical Layer Access Procedure

From the physical layer perspective, the L1 random access
procedure encompasses successful transmission of the random
access preamble and response. Open-loop power control with
ramping is used in the preamble transmission in order to
reduce interference. The following steps are required for the
L1 random access procedure:

1. Prior to initiation of the non-synchronized physical random-
access procedure, Layer 1 shall receive the following
information from the higher layers - random access channel
parameters, preamble format for the cell, number of root
Zadoff-Chu sequences and sequence indices, power ramping
step size, and the maximum number of preamble
retransmissions.

2. A random access channel is randomly selected from the
available non-synchronized random access channels. A
preamble sequence is then randomly selected from the
available preamble set based on the implicit message to be
transmitted. The random function shall be such that each of
the allowed selections is chosen with equal probability.

3. The initial preamble transmission power level (which is set
by the RRC layer) is determined using an open loop power
control procedure. The transmission counter is set to the
maximum number of preamble retransmissions. Preamble
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transmission then occurs using the selected random access
channel, preamble sequence, and preamble transmission power.

4. If no response corresponding to the transmitted preamble
sequence is detected then another random access channel and
preamble are randomly selected. If the maximum transmission
power and the maximum number of retransmissions have not
been reached, then preamble retransmission occurs. Otherwise
the L1 status is passed to the higher layers and the physical
random access procedure is terminated.

5. If a response corresponding to the transmitted preamble
sequence is detected, then the L1 status is passed to the higher
layers and the procedure is terminated.

V. CONCLUSIONS

In this paper, a preliminary look at the design of the
random access channel and procedure for E-UTRA is provided.
From the analysis, it is apparent that the E-UTRA requirements
of low latency and overhead can be achieved. Specifically, the
design provides a flexible approach where access regions can
be added as random access load grows and where sequence
planning can be tailored based on supported cell size.
Random access overhead of 3-6% is seen to be sufficient for
most system deployment scenarios. In addition, sequence
planning should not be a concern due to the large number of
available Zadoff-Chu root sequences. Finally, control plane
latency of less than 100 ms is feasible with this random access
procedure.
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