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Abstract—The random access channel (RACH) in a universal
terrestrial radio access-frequency division duplex (UTRA-FDD)
system is a contention-based channel mainly used to carry control
information from mobile stations (MS) to base stations (BS).
The transmission of a random access request contains two steps:
preamble transmission and message transmission. In preamble
transmission, the power ramping technique is used to favor the
delayed preambles by stepping up the transmission power after
each unsuccessful access. In doing so, the success of transmitting
a long-delayed preamble is increased due to the power capture
effect. This paper analyzes the blocking, throughput, and de-
lay performance of preamble transmission under three power
ramping schemes with fixed, linear, and geometric step sizes. The
interference caused by different power ramping schemes is also
compared.

Index Terms—Power ramping, random access channel (RACH),
third-generation (3G) wireless communications, UTRA-FDD.

I. INTRODUCTION

N UNIVERSAL terrestrial radio access-frequency division

duplex (UTRA-FDD) of third-generation (3G) wireless
communication systems, random access channel (RACH) is
defined as a contention-based transport channel that is mainly
used to carry control information, e.g., random access request,
from mobile stations (MS) to base stations (BS) [1], [2]. The
transmission of a random access request (packet) contains
two steps.

1) Preamble Transmission: A preamble is of length 4096
chips and consists of 256 repetitions of an orthogonal
spreading code of length 16 chips. To take advantage of
the power capture effect, the power ramping technique,
whereby the transmission power is increased by one step
after every unsuccessful attempt, is used to increase the
success probability of preamble retransmissions.

2) Message Transmission: A message is of length 10 or
20 ms and consists of two parts: a) the data part that
carries the random access request or short data packet,
and b) the control part that carries the pilot bits and
rate information for the data part. These two parts are
transmitted in parallel at power levels higher than that
used in the last preamble transmission.
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The protocol used in RACH is slotted ALOHA with the
length of an access slot equal to 4/3 ms. Two frames (20 ms),
or 15 access slots, constitute an access period. An access
period is divided into two access slot sets (ASS): ASS-1
consists of the first eight access slots and ASS-2 consists of
the remaining seven [2]. Before each access period, the BS
broadcasts to all MSs the available access slots (maximum 15)
in the next access period, the idle orthogonal codes (maximum
16) in each available slot, the transmission power range, the
maximum number of retransmissions, and the power control
parameters. An MS with a random access request to transmit
selects at random an available access slot from the next ASS
and a code from the available code set for the initial preamble
transmission.! The preamble transmission result is announced
on the acquisition indicator channel (AICH). If the preamble
is not correctly received by the BS, the MS will retransmit
another preamble using a new code at a higher power level after
a random backoff delay. This access process continues until
1) a preamble retransmission is correctly received by the BS,
or 1) the allowable number of retransmissions is reached. If case
1) occurs, the MS will transmit the message after three or four
access slots. If it is successful, the random access procedure
ends and the selected code is assigned to the MS as a dedi-
cated channel (DCH). If the message transmission fails or case
2) occurs, the random access request is blocked and the MS
may regenerate the request after some delay [3].

In this paper, we study three power ramping schemes (with
fixed, linear, and geometric step sizes) and analyze their ef-
fects on the blocking, throughput, and delay performance in
preamble transmission under a frequency-selective multipath
Rayleigh slow-fading channel. The following section reviews
the previous related work in literature. The system model,
power capture model, and different power ramping schemes are
presented in Section II. Based on these models and schemes, we
derive in Section III success probability, throughput, average
received power level, blocking probability, and access delay in
preamble transmission. Different power ramping schemes are
compared in Section I'V.

A. Related Work

Under the nonblocking assumption (infinite buffer size) and
additive white Gaussian noise (AWGN) channel model, the
throughput and average delay performance of RACH was in-
vestigated analytically with and without power ramping in [4].
The delay capture effect on performance was also studied.
Based on different physical channel models and parameters,
simulation results on the performance of UTRA-FDD RACH

n case there is no available slot in the next ASS, the preamble transmission
will be delayed to the following ASS period.
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were reported in [5]-[7]. System performance can be further
enhanced by the multi-threshold detection algorithm [8] and by
the extra code selection before the following message transmis-
sion [9]. Different priority differentiation methods were pro-
posed in [10]-[12]. Specifically, three access priority schemes,
which can offer different delay performance for different traffic
classes, were proposed in [10]. In [11], access slots and spread-
ing codes are grouped for different traffic classes. As a result,
the class with the largest group will have the highest success
probability. In [12], different power-ramping step values are
used for different traffic classes so that the class with a larger
step size (high priority) will have higher throughput and shorter
delay. All the previous work considered only constant power
increment step size. This may incur many unnecessary retrans-
missions when the initial transmission power is low and the
step size is small [13]. On the other hand, if a large step size
is used, the average transmission power is higher. This causes a
reduction of power capture probability and a higher interference
level to the ongoing traffic.

II. PROBLEM FORMULATION

The arrival of composite preamble transmissions (including
initial transmissions and retransmissions) is modeled by a Pois-
son process with the rate G, which is also known as the offered
traffic. Let IV be the number of MSs contending for the same
access slot. The distribution of NN is therefore

Gre ¢

P{N =n} = T

n=0,1,2,.... (1)

For a given offered traffic G, let S be the corresponding
throughput of random access requests. Upon successfully re-
ceiving a random access request, i.e., both the preamble and the
message transmissions are successful, the BS will assign the
selected code as a DCH to the corresponding MS for its data
packet transfer. Let () be the number of available codes in a
typical access slot. The distribution of () can be derived as

|
P{Q=q} = = o 1<¢<16 (2

— 70 (16 — q)IS®

where

16 16! -1
o = [2% (16_2)'81‘| . 3)

1=

Let K be the number of MSs selecting the same code for
accessing this slot. Given N = n and ) = ¢, the probability
that a tagged MS, say MS- 4, is code collided with (k — 1) other
MSs in a typical access slot is given by

P{K = k|N =n,Q = q}

n—1 1 k-1 (q_l)nk
= - =°) | 1<k<n @
(’f—l) (tJ) q o

The physical channel under consideration is a frequency-
selective multipath Rayleigh slow-fading channel. Assuming
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the shadowing and attenuation effects can be compensated by
the open-loop power control used in RACH [14], the envelope
of the received signal in one path is therefore a Rayleigh
random variable. If a perfect RAKE receiver with L fingers is
used at the BS, the signal powers distributed in L independent
paths can be aggregated together so that the total received power
P has a gamma distribution, i.e.,

zt1exp (—%)

, >0 (5)

where o is the average received power from each path.

A. Power Capture Model

Consider a typical access slot where there are n simultaneous
MSs, ¢ available codes, and the tagged MS, say MS-A, is
code collided with (k — 1) MSs. Assume that the closed-loop
power control used in DCH is accurate and the received powers
from different DCHs are of the same value, say 1. The total
interference caused by DCH is therefore equal to (16 — ¢)n.
Comparing to this interference and the multiple access interfer-
ence (MAI), the additive channel noise and self-interference are
negligible [14].

A preamble contains only the repetitions of a selected code.
By using a perfect RAKE receiver, the BS can aggregate
the preamble transmissions from those k£ code-collided MSs
(including MS-A) [9], [15]. Therefore, the condition for correct
reception of the preamble sent by MS-A4 is

Py + Zf:z P
(16 —q)n+> i1 Pi

> 5 (6)

where P; is the total received power from MS-i and 3 is
the minimum signal-to-interference ratio (SIR) required for
successfully decoding a preamble.

B. Power Ramping Schemes

By using open-loop power control, an MS can adjust its
transmission power based on the received signal strength from
the BS. The aim is to make the received signal at the BS
exceed the preestimated, or target, power level. For the initial
preamble transmission, we assume that all MSs have the same
target power level uL. If the initial preamble transmission fails,
a higher target power level, decided by a particular power
ramping scheme, will be used for retransmission. As in [16],
we use pL as the power increment unit. Let (m,uL) be the
target power level in the rth preamble retransmission. We study
the following three power ramping schemes:

* fixed ramping: the power increment is fixed at one unit
each time, ie., m, =1+ 1;

* linear ramping: the power increment is in steps of 1, 2, 3,
4, ..., units each time, i.e., m, = (r2 + 7+ 2)/2;

e geometric ramping: the power increment is in steps of 1,
2,4,8, ..., units each time, i.e., m, = 2".
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Fig. 1. Flow diagram of random access request.
III. PERFORMANCE ANALYSIS
A. Throughput

Given that N = n, (Q = ¢, and K = k, the conditional suc-
cess probability of the rth preamble retransmission, denoted by
u(r|n, ¢, k), can be derived according to the criterion (6) for
correct reception of a preamble, i.e.,

u(r(n, q, k)

exp (-2 ) (b+j— 1)'
(1+81)°(b-1)! iz ZJ I G))
i

Bi A\
x (1+ﬁ11)j (ﬁ) ’ _
(3)
m )

B a—1 1
exp (—22) Y 4
where the three interim variables a, b, and ¢ are defined as

)

a=|(k—V)mL +m.L|
b=[(n—k)mL] (8)
c= (16 —q)n.

In (8), m is the average target power level in the unit of uL and
|«] denotes the floor function. Removing the conditioning on
K, @, and N, we obtain

)= 35S ulrln g DPLK = KN = 1.Q = 0}

n=1q¢=1k=1

x P{Q=q}P{N =n—-1}. ()
Note that the success probability w(r) of the rth preamble
retransmission is a function of 7. But m as expressed in (12)
is a function of u(r). Therefore, (9) and (12) are to be solved
recursively.

The flow diagram of random access requests in RACH of
UTRA-FDD is shown in Fig. 1. Let Gy and G, denote, respec-
tively, the arrival rates of the initial preamble transmissions and
the rth preamble retransmissions. Let Sp be the throughput of
preamble transmission and let 7, be the maximum number
of retransmissions allowed. When RACH is in steady state, the
following equations are satisfied:

GO - SP + GTmaerl

G1 = GO [1 - u(O)]

G2 = Gl [1 - u(l)] (10)
GTmax+1 = G?”max [1 - u(rmax)] .
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Preamble
Throughput

System
Throughput

The composite offered traffic is therefore G = >/ ™% G,.. The
throughput of preamble transmission can be derived as
p— g LT u()
L+ 30 Tl 11— u(@)]

The power ramping technique used in preamble transmission
will generate much interference to the existing traffic. This
effect can be measured by the average received (target) power
level m at the BS. In the unit of uL, m is given by

Y

|
M
3

r=0
1y (e T 11— ui)
L+ Xy Tl (L — ()]

(12)

B. Access Delay

Let R be the number of retransmissions needed before the
preamble is successfully received by the BS. Under the as-
sumption that all transmission attempts are independent, the
distribution of R is given by

r—1

P{R=r}=u(r) [[0-u@)], r=0,12....

=0

13)

As shown in Fig. 1, a preamble is blocked after 7,5 unsuccess-
ful retransmissions. The blocking probability Pp of preamble
transmission is therefore

Tmax

P =P{R> rmax} = [] 1 —u(r)].

(14)

For successfully transmitted preambles, the distribution of their
retransmissions R’ is the distribution of R conditioned on
R < rmax. In other words

P{R/:T}:P{R:'Flermax}
u(r) [T 1 — u(i)] |
u(0) + S {ulr) T2 11— u(@)] |
r=0,1,... 15)

? Tmax .

As specified in [2], the random access slots are divided
into 12 RACH subchannels and these subchannels are further
grouped into sets of different sizes. Each set of subchannels
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Fig. 2. Access mechanism of preamble transmission.

is associated with one access service class (ASC) and at most
eight ASCs can be supported in RACH [3]. In this paper, we
assume all random access requests are of the same ASC and all
access slots are available for selection.”

Referring to Fig. 2, let ¢y be the time when a random access
request is generated. After an average of 0.5 frame waiting time
Dy, the random access request randomly selects an available
slot from the next ASS for its initial preamble transmission. The
skipped slots (in the same ASS) before that initial transmission
constitute the first backoff delay D; (or W7). The error-free
positive acknowledgment can be received in the next slot from
AICH. As the retransmission procedure specified in the UTRA-
FDD standard is complicated and analytically intractable [2],
we choose the simple uniform backoff (UB) policy [17] with
range [0, w] for the study of delay performance under different
power ramping schemes. When the initial preamble transmis-
sion is unsuccessful, the second random backoff delay W is
also drawn from [0, w)] and the first retransmission is arranged
at the (W5 + 1)th access slot after receiving the first acknowl-
edgment. Let D; = W; 4+ 2(2 < i < rpax + 1) be the delay in-
terval between the (7 — 1)th and the 4th transmission attempts.
Adding the one-slot transmission time, the total access delay
Dp (in unit of slots) for preamble transmission is given by

R'+1
Dp=1+Dy+ Y D
=1
R'+1
=1+Dy+ > Wi+2R

i=1

(16)

where Dy is the normalized initial waiting time and is uni-
formly distributed in (0, 7.5] (one frame is equal to 7.5 access
slots in length).

The average access delay E[D p| and delay variance 02Dp for
preamble transmission can then be derived as [17]

E[Dp] =1+ E[Dy] + (E[R] + 1) E[W;] + 2E[R']

4
=475+ 5+ YL BIR)

5 A7)

2The probability that a slot is not available (i.e., it contains no idle spreading
code) is equal to mg. As implied by (3), 7o is very small even when the system
throughput is maximum.

0IIF'l'4'5'6'7'85'l'11'12'13'14 15

I**Re-TX Ack.

TABLE 1
BASIC PARAMETER IN NUMERICAL EVALUATION
Parameter Value
Number of Resolvable Paths L=2
Average Received Power from One Path n=1
Average Received Power from One DCH n=2
Minimum SIR for Correct Preamble Reception 5 =-5dB
Maximum Allowed Retransmission Attempts Pmaz = D
Backoff Delay Range w="7

.-y-- Fixed Ramping
-®-- Linear Ramping

—%— Geometric Ramping

Success Probability of Preamble Transmission

0 1 2 3 4 5
Number of Retransmissions

Fig. 3. Success probability of preamble transmission, G = 1, 3, 5, and 9.
and
R'+1
ob,, =Var (D)) + Var | > (W; +2)
=1
2 2 4 2
— 46875+ 2 R+ 1) + Y vawy)

12
(18)

where the distribution of R’ is given in (15).

IV. NUMERICAL RESULTS

The parameters for numerical evaluation are listed in Table I.
Fig. 3 compares the success probability u(r) of preamble
transmission under different power ramping schemes and for
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Fig. 4. Throughput of preamble transmission.

different offered traffic values. When the offered traffic is
small, say G = 1, power ramping can only improve the success
probability slightly. Referring to (1) and (4), for small G values,
few preamble transmissions take place in the same slot and
the chance for code collision is even less as most codes are
available for selection. In this case, the number of simultaneous
MS N and the number of code-collided MS K are mostly
equal to one (collision free), and the number of available codes
Q@ is always close to the maximum value of 16. Therefore,
the probability u(r|N = 1,Q = 16, K = 1) is the dominating
item in the calculation of u(r). As implied by (7) and (8),
u(r|N =1,Q = 16, K = 1) is insensitive to 7 (the number of
retransmissions) and m,. (the corresponding target power level).
So, u(r) is flat for G = 1.

When the offered traffic becomes larger, the success prob-
ability «(0) of the initial transmission decreases so that more
MSs need to retransmit their preambles at higher power levels.
As shown in the figure, all three power ramping schemes can
effectively increase the success probability. Between them, geo-
metric ramping and linear ramping have similar performance
while fixed ramping is inferior.

The throughput of preamble transmission Sp is shown in
Fig. 4. The throughput curves are virtually the same for the
three schemes except at very high G values. The maximum
throughput is about 2.5. This figure shows that linear and
geometric ramping schemes are more reliable than the fixed
ramping scheme when G is large.

The average target power level 7 of preambles is a measure-
ment of the interference caused by power ramping. Fig. 5 shows
m as a function of G for different schemes. As expected, fixed
ramping has the lowest power level. Geometric ramping causes
a very high interference to ongoing traffic when the offered
traffic is large.

The blocking probability Pp of preamble transmission is
shown in Fig. 6. Referring to (14), Pp is the product of
(rmax + 1) complementary success probabilities. When the
offered traffic is small, say G < 2, the success probability
u(r) is insensitive to the target power level m, (see Fig. 3)
so that the blocking probabilities are indistinguishable for the
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Fig. 6. Blocking probability of preamble transmission.

three schemes. When the offered traffic becomes larger, say
G = 3, the success probability curves are greatly improved
by different power ramping schemes. Therefore, the resulting
blocking probabilities become smaller, which indicates that
most preambles can be successfully transmitted by less than
(rmax + 1) attempts. When the offered traffic becomes much
larger, say G = 9, the success probabilities of the initial trans-
mission and the first couple of retransmissions are quite small.
As aresult, more retransmissions at higher power levels are now
needed for successfully transmitting a preamble. The blocking
probabilities for different schemes are therefore increasing with
respect to the offered traffic. Specifically, fixed ramping, linear
ramping, and geometric ramping offer their minimum blocking
probabilities when the offered traffic values are around 3, 5, and
6, respectively. Among the three schemes, geometric ramping
has fast-increasing power increment steps so that it is the most
effective scheme in enhancing success probability and offers
the lowest blocking probability curve.
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Fig. 7 shows that the delay statistics of the three power
ramping schemes are very close to each other. This is because
all successful random access requests are transmitted within a
small number of retransmissions (r < ry.x = 5). Therefore,
the differences in E[R'] and Var(R'), which are key parameters
in the calculation of E[Dp] and o, given by the three power
ramping schemes are indistinguishable for small G values. It
is seen the use of UB policy here is very “conservative” in
spreading out the backlogged traffic in time and accounts for
a fairly small delay standard deviation as shown.

V. CONCLUSION

Power ramping is used in the random access channel (RACH)
of universal terrestrial radio access-frequency division duplex
(UTRA-FDD) systems. We have derived in this paper, under
three different power ramping schemes, success probability,
throughput, average received power level, blocking probabil-
ity, and access delay in preamble transmission. Our analysis
considered a frequency-selective multipath Rayleigh slow-
fading channel, an ideal RAKE receiver, and the signal-to-
interference ratio (SIR)-based power capture model. Numerical
results showed that the linear and geometric ramping schemes
are more effective than the fixed ramping scheme in increasing
the success probability at the expense of high interference to
existing traffic.
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