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Abstract— Poor coverage is a major concern in cellular net-
works; it is also an inherent problem in HSDPA/HDR-based third
generation (3G) wireless downlink data access. Poor coverage
lowers the overall utilization of the cell and results in location-
dependent downlink throughput for mobile users. In this paper,
we investigate issues related to the design and application of
an adhoc relay network (ARN) capable of relaying data from
3G base station to mobile users and provide a more uniform
downlink data access. In order to exploit the benefits of ARN,
we propose the AdhoCell architecture based on a self-organized
ARN. The architecture is flexible in terms of deployment and is
easy to integrate with current 3G architectures. These features
are based on the ARN design and route computation scheme
that we present in this paper. To utilize the ARN in the most
efficient manner, we propose a two-level scheduling strategy,
where the base station and some of the ARN nodes participate.
Simulation results show the performance of the proposed ARN
scheme significantly improve the HSDPA system

I. INTRODUCTION

Wireless access to Internet is becoming more and more
popular with the proliferation of multimedia phones, hand-
held devices and lightweight notebooks. Downloading digital
contents for the purpose of infotainment, m-commerce and
location-based service is one of the major driving forces
of the continuing growth in cellular data service. To cope
up with the growing demand in downlink data rate, UMTS
specifications recently defined the ”High Speed Downlink
Packet Access” (HSDPA) architecture for WCDMA-based
3G cellular networks. HSDPA is designed to provide up to
10Mbps downlink data rate to mobile users.

However, poor coverage of a cell (caused by path-loss,
shadowing, and fading) is the main reason why a user may
not be able to get the 10Mbps data rate that HSDPA spec-
ifies. Since HSDPA does not have power control, users will
always experience location dependent downlink rate. Proper
cell dimensioning and reducing cell size is the most practical
solution for alleviating the coverage problem although it has its
own drawbacks. Smaller cells lead to difficulties in deployment
and create more severe inter-cell interference. Infrastructure of
3G base stations and backhaul connections are expensive and
difficult to deploy. Furthermore, the 3G capacity is immobile
(provided by fixed base station) and cannot be spatially shifted
based on change in traffic patterns or user concentration. Thus
poor coverage remains an inherent problem in the 3G cellular
network.
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Fig. 1. Downlink rate over cellular space with no ARN.
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data rate as a function of grid position is shown in Figure 1.
Now if 25 relay nodes with WiFi interface and radius 200
meters are embedded into the cell space, the effective data
rate over the space is shown in Figure 2.

Although all the necessary technologies related to relay
nodes and 3G network are available, combining the adhoc
relay network with 3G data service engenders various chal-
lenging problems. In this paper, we address and investigate
various aspects of the overall architectural framework towards
providing a practical and feasible solution.

II. ADHOCELL ARCHITECTURE

The proposed AdhoCell architecture is shown in Figure 3.
In contrast to adopt user relay with 3G/802.11 dual-mode
handsets in the UCAN architecture [1], the AdhoCell relay
network is consisted of relay nodes (RN) which can function
as routers to forward the downlink data from the 3G BS. The
wireless relay router approach provides a low-cost, flexible,
and reliable deployment solution for 3G wireless data service
provider without worrying about non-cooperative user relay
behavior. The relay nodes can be deployed in any adhoc or
pre-planned manner. We also assume that the relay nodes can
be shifted or moved based on the spatial change in traffic/user
concentration. We assume that all relay nodes are equipped
with a 802.11 interface in adhoc mode. However there are
certain relay nodes which have dual interface (3G HSDPA
+ WiFi), which we denote as the Ingress relay node(IRN).
The IRN is capable of receiving downlink data directly from
the 3G BS and forwards it to either MNs (Mobile Nodes) or
other RNs (Relay Nodes). In the ARN, the relay node that
connects to the MN using the WiFi interface is denoted as the
Egress relay node (ERN). Any RN that only acts as receiving
and forwarding downlink data in the ARN is denoted as Core
Relay Node (CRN).

Each mobile node (MN), which wants to take advantage of
the proposed architecture is equipped with dual interface (3G
HSDPA + WiFi). We define the downlink data forwarding
path from 3G BS to the MN as direct and indirect. In the
direct forwarding, the MN receives data directly from BS
using the HSDPA interface; on the other hand, in the indirect
forwarding, the data forwarding path is through the ARN and
data at MN is received through the WiFi interface. Note that
MN cannot relay data for the another MN or cannot act as
IRN, ERN or CRN. Therefore, MN can only receive data and
is disabled from feeding any data to the ARN thereby avoids
any extra battery power consumption at MN terminal.

III. INDIRECT ROUTING PROTOCOL

The overall indirect routing protocol has two important
parts: a) formation and maintenance of ARN; b) formation and
shifting of routes. The first part refers to the formation ARN
through addition of relay nodes. This part encompasses the
node configuration for different functionalities such as discov-
ery process of the ARN, maintenance of up-to-date topology
information in presence of node addition and deletion. The
second part is reactive to the presence of MN in the range
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Fig. 3. AdhoCell architecture

of a relay node. In this part, route formation is triggered by
presence of a MN and route state is configured at certain relay
nodes in the ARN. This part also considers route update or
shifting when a MN moves in the ARN covered area. We next
describe each part in detail.

A. ARN formation and update

In the indirect path from BS to the MN, the downlink data
enters the ARN through the ingress relay node (IRN). Clearly,
without the IRN, the ARN is incapable of relaying data to the
MN. Therefore, the topology of ARN discovery and formation
is reactive to the addition of a IRN. Suppose an IRN is added to
an existing ARN. The IRN initiates topology discovery process
where IRN floods the ARN with the probe message TOPDV of
the form [irn-id,B,p-id,R]. Irn-id refers to the id of IRN that
initiated the message. B refers to the 3G downlink channel
rate at the IRN based on long-term SINR. The parent node
id p-id and the effective relay path rate R get updated as the
message crosses each edge in the ARN. Each RN maintains
an IRN-information table defined as

IRN-id Parent-id B Ri X
i ni 6 8 10
j nj 4 5 8

Consider RN i that receives TOPDV message from RN j.
Let X denote the rate from RN j → i. Next RN i calculates
the effective rate R′

i from IRN to node i. As ARN is a multihop
network, the effective rate of a n hop path from IRN → i is
bounded by

R =
1

∑
k 1/Xk

where Xk denotes the rate of the kth hop in the path. Now,
in the TOPDV message received from RN j, R denotes the
effective rate from IRN to RN j. Then, R′

i = 1/(1/R+1/X).
If no entry for IRN id in TOPDV message exists in the IRN-
information table, a new entry is created. The first three entries
of the table are obtained from the TOPDV message. The p-
id = j in the TOPDV message and assigned to Parent-id.
The information about the Parent-id is required at the route
formation stage to find a valid route to a given IRN (associated
with the Parent-id).

Ri is assigned R′
i and X refers to the rate from j → i. RN

then updates the p-id = i and R = Ri in the received TOPDV



message and broadcast it. If an entry for the given IRN exists
in IRN-info table and if R′

i > Ri, Ri and X is updated in
IRN-info table and TOPDV is broadcasted with the last two
fields updated. If R′

i < Ri, the TOPDV is suppressed at RN
i. The overall state update routine is given as follows.

IRN-info update routine at RN i

On receiving TOPDV = <IRN-id, B, p-id, R>
X = rate from p − id → i
R′

i = 1/(1/R + 1/X)
If entry for IRN-id do not exist in IRN-info table

Insert a new entry E
E.irn-id = IRN-id; E.Parent-id = p-id
E.R= R′

i; E.X = X
Update TOPDV and broadcast

Else entry E exist for IRN-if
If E.R < R′

i

E.R= R′
i; E.X = X

Update TOPDV and broadcast
Else suppress TOPDV

Note that the IRN-info table in a given RN gives the
information about all the IRNs from where data can be
forwarded to the given RN. Furthermore, the IRN-information
also provides information about the rate for a path from a IRN
to the given RN. Clearly, that above method of suppressing
TOPDV message always leads to bounding the number of
flood messages and avoids creating any extra messages.

The ARN can change if one or more nodes are added or
removed. Furthermore, the inter-node rate as well as the BS
to IRN rate can change. In order to handle these changes, the
entries in the IRN-info table are maintained as a soft state with
a timeout value. For each entry, there exists a timer. The timer
is reset when a TOPDV corresponding to an entry is received.
Once the time for an entry expires, the entry is removed from
the IRN-info table. In order to maintain the soft state, the IRN
periodically floods the ARN with TOPDV message. Due to the
soft state maintenance, any change in ARN gets reflected at
each RN automatically.

Apart from IRN-information, the RN also maintains a list
Ln of id-s of all neighbors from which the RN has received
TOPDV message.

B. Formation of route

A mobile node MN located at the current position probes
for any relay nodes in its vicinity. In the event of finding a
set of such nodes V , MN checks the IRN-information table
located in each node in V . MN chooses a node n ∈ V
and the corresponding IRN which provides the maximum
effective downlink throughput R∗. R∗ is obtained from the
IRN-info table as the entry that has maximum min[B,R].
The MN next compares R∗ with the rate B∗ in the direct
path from BS. if B∗ > R∗, the MN chooses to receive
packets on the direct path. In the case R∗ > B∗, mobile client

initiates a route formation process through node n, which
acts as the ERN. In this process, a route reservation request
(RREG) message is sent. The RREG message follows the path
MC → ERN → CRN → . . . → IRN . In order to route the
RREG message, each RN forwards the message to the parent
node corresponding to the chosen IRN as available from IRN-
info table. Each RN also maintains a forwarding table as given
below.

Mobile node id Next hop node id
MNk j

If a RN i receives the RREG message from RN j on behalf
of mobile node MNk, an entry is inserted in to the table as
shown above. By inserting entries at each RN in the path to
the IRN, a reverse forwarding route is created from the IRN
to the MN.

On receiving the RREG message, the IRN reports its own
id along with MN id to the BS. The entries in the forwarding
table are also kept at as soft state. So if no data forwarding
activity is observed corresponding to a given entry for a
specified time interval, the entry is flushed from the table.

IV. SCHEDULING

In the present architecture, we are dealing with two inde-
pendent type of resources: 3G channel at the BS and the ARN.
Both of the above types of resource have their own capacity
constraints and have to be used accordingly. The BS scheduler
decides how to schedule the downlink data frames over the
time-varying 3G channel. The IRN scheduler is located at each
IRN of the ARN; it decides how to schedule and dispatch
the received packets from the BS into the ARN, which acts
as a feed-forward network connecting the MNs. Both the
schedulers have per MN buffer installed. We next describe
the scheduling policy for both the schedulers.

A. Base station scheduling

At the BS, the scheduling decision is made for each time
slot. The scheduler at the BS has the knowledge about the
instantaneous channel condition at each slot. Even though the
overall throughput is maximized by selecting the user with the
best channel condition, however such scheduling policy will
lead to unfair rate allocation to the mobile users. To handle the
above problem, proportional fair scheduling [2] is adopted.

In presence of ARN and with the use of indirect paths, the
above scheduling strategy requires modifications. First let us
discuss why such a modification is required. If the capacity
of ARN is unconstrained, i.e. the rate of delivery at ARN is
greater than rate at which BS pumps data to the IRN, we need
the following simple modification. In the above mentioned
policy, if indirect path is used, Bi refers to the channel rate
from BS to the IRN. The above unconstrained capacity case
of ARN may not always happen. Even though each 802.11b
link can achieve up to 11Mpbps, the rate on a multihop path
can be much lower. If the BS pumps data at a rate more than
ARN can sustain, buffering at relay nodes will occur leading
to collision, which can lower the throughput of ARN. The



rate the ARN can sustain or the effective capacity of the ARN
depends upon the spatial diversity of the users served by the
ARN.

The average sending rate to MN i (Ti) should meet the
capacity constraint of the relay path in the ARN. However,
the capacity constraint cannot be directly incorporated in the
scheduling decision for the following reason. Based on user
mobility, the spatial diversity of users and corresponding ca-
pacity of relay path can be time varying. Further, the variation
in the rate on the BS→IRN and the rate on IRN→MN can be
asynchronous. Therefore, BS should be allowed to push data to
IRN when channel condition to IRN is favorable to maximize
the overall throughput. Thus we realize that the best strategy
is to maintain per MN buffer at IRN as well. The IRN serves
the per MN buffer at the current maximum rate allowable in
the relay path. However, to avoid buffer overflow, IRN reports
BS, when the buffer level gets above a pre-specified threshold
γmax. The BS inhibits pushing data for the given MN until
it receives a report from IRN that the buffer level is below
the threshold γmin, where γmin < γmax. This buffer based
policy decouples the flow control of BS and IRN and allows
each entity to act independently and opportunistically.

B. Ingress relay node scheduling

The scheduling mechanism at IRN is employed to serve the
per MN buffer as described above. The buffer is maintained
as FIFO queue to ensure in order delivery of data to the MN.
Since a proportional fair scheduler at BS is feeding this buffer
and that all MNs under a given IRN observe the same channel
condition, we note that input rate to each buffer is the same.
Usually in each BS time slots, a block of data arrives at the
IRN. The maximum size of the block can be up to 20kb
with 10Mbps rate and 2ms slot length for HSDPA. At IRN,
we assume that the scheduler schedules a block of data with
max size 20kb. We observe that smaller block size leads to
less throughput in multihop ARN. One should note that the
scheduling criteria used should not lead to starving of any
buffer since buffer buildup will inhibit BS for forwarding data
for the given MN. Therefore, the scheduler selects the buffer
with the maximum length and schedules the dispatch for block
of data from the buffer.

The ARN can be considered as a multihop feed-forward
network with IRN as the source. The objective of the scheduler
at IRN is to maximize the data throughput through the ARN.
While the proposed scheduling policy will ensure equal size
average buffer levels, it will not use the ARN resource
efficiently. When serving multiple MS by the same ARN, there
can be blocking at certain edges lowering the throughput. If
two paths to two clients are non-interfering, there is clearly
no problem. However, for two interfering paths, the blocking
can be resolved if two paths are served with a time gap ∆
between them. The time gap with ensure that data block on
the first path has already been pushed to the first MN creating
no blocking when the next block is served.

C. Delay between two paths

Given two paths P0 and P1, our objective is to find the
minimum delay value ∆ such that dispatching a block on P1

does not lead to interference with the block sent on P0. There
are several intermediate RN hops along P0 and P1. We define
a conflict node pair ξ(n0, n1) as one relay node n0 on P0 and
the other relay node n1, which will interfere with each other
when they are both transmitting.

Consider a conflict node pair ξ(n0, n1) for path pair P0 and
P1. For block b0 sent on P0, let the transmission from relay
node n0 starts at tl0 and ends at tu0 . Similarly, on path P1, the
block b1 will be transmitted between tl1 and tu1 at relay node
n1. Nodes n0 and n1 are located within the interference range.
We say the conflict node pair ξk(n0, n1) is active when two
time intervals [tkl0 , t

k
u0

] and [tkl1 , t
k
u1

] overlap, which implies the
transmission at n0 and n1 are actually interfering with each
other and we need to impose a time delay δk to avoid this
interference.

We will compute the ∆ value with iterative steps. The
scheduling of path P0 is fixed and the scheduling at path P1

will be delayed with ∆ to avoid interference. The initial value
of ∆ is set to zero. When an active conflict pair is found, we
compute the necessary delay value δk to resolve the conflict of
ξk, and then update ∆ = ∆+δk. After completion of iterative
steps on all conflict pairs we will get the minimum ∆, which
resolves all possible interference on path P0 and P1.

Algorithm: Compute ∆ for conflicting path pair
Let ∆ = 0
For all ξk

If (tku1
+ ∆) ∈ [tkl0 , t

k
u0

]) or (tkl1 + ∆) ∈ [tkl0 , t
k
u0

])
δ = tku0

− (tkl1 + ∆)
∆ = ∆ + δ

D. Pipelined dispatch at IRN

In the pipelined dispatch scheduling at IRN, after dispatch-
ing current block bi, the scheduler selects the next block bi+1

from the buffer that has the maximum level. It computes the
waiting time, ∆(bi, bi+1), and assigns the dispatch time as
Tc+∆(bi, bi+1) to the block bi+1, where Tc is the current time.
However, this dispatching rule may result in void (period of
no transmission from IRN) between two dispatches leading to
low utilization. To circumvent the above problem, we consider
the following void filling approach.

The void is filled iteratively by first selecting block bk from
the buffer Bk which has minimum ∆(bi, bk) such that

∆(bi, bk) + ∆(bk, bi+1) < ∆(bi, bi+1),

where ∆(bi, bk) and ∆(bk, bi+1) is the waiting time required
to avoid collision with the blocks bi and bi+1 block respec-
tively. If there are more than one buffer Bk with minimum
∆(bi, bk) and satisfying the above constraint, one with more
buffer level is selected. The above process is repeated until no
more buffer can be served in the void.



The above dispatch process is outlined in the following
routine. In the routine, a block from main schedule is
denoted as bm and the block from the void filling schedule
is denoted as bv . A dispatch of a block refers to the event
corresponding to initiating transmission of a block at the IRN.

Algorithm: schedule block dispatch
On dispatch of a block bm

i at Tc

Select block bm
i+1 from buffer with max level

∆ = ∆(bm
i , bm

i+1)
schedule bm

i+1 at Tc + ∆
/ void filling
δ = 0
Last block bl = bm

i

While δ ≤ ∆
bv
k = block from buffer Bk

bv
k = argmink ∆(bl, b

v
k)

s.t. ∆(bl, bk) + ∆(bk, bm
i+1) ≤ ∆ − δ ∀k

δ = δ + ∆(bl, bk)
schedule bv

k at Tc + δ
bl = bv

k

In order to find the delay between two paths, the IRN
must know the neighborhood information about the ARN.
One possible solution is to have any RN n report the list of
neighbors Ln (created through the ARN update process) to the
IRN. One can reduce the message complexity in the the above
solution, by making RNs getting the RREG message to send
the neighbor information (in the route formation process).

V. PERFORMANCE

We implement a discrete-time simulator to model schedul-
ing algorithm and pipelined dispatch described in section
5. The 3G HSDPA model is implemented based on the
3GPP specification [3]. Radio propagation models path-loss
effect and shadowing effect with default path-loss coefficient
equals 4 and standard deviation of log-normal shadowing
equals to 8dB. [4] We assume all the ARN relay nodes are
having WLAN cards with the throughput comparable to IEEE
802.11b and the effective throughput is set to 5.04Mbps [5];
nevertheless, the details of RTS/CTS contention resolution are
not simulated. The default WLAN transmission range is set
to 150 meters while the 3G cell radius is 1500 meters. The
performance evaluation metric is the total throughput in a 3G
cell with the fairness constraint that all ERN are allocated the
same amount of data.

Some selected simulation results are shown in Figure 4
and 5. We can observe the significant performance gain of
the AdhoCell systems over the original HSDPA system. The
overall throughput gain η = RAdhoCell/RHSDPA ranges
from 200 to 400 percents for typical operating conditions.
The AdhoCell system has greater overall throughput gain in
scenarios with greater WLAN transmission range, more relay
nodes, and more significant 3G channel variation.
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VI. CONCLUSION

The main intent of this work is to explore a novel application
of adhoc networking to provide spatial capacity filling for
non-uniformly covered cellular downlink data access network.
The proposed AdhoCell architecture is a hybrid wireless relay
network that integrates 3G HSDPA cellular network with IEEE
802.11 WLAN adhoc network. Self-organized relay nodes
form a WiFi-based adhoc overlay network on HSDPA network
to provide ubiquitous high-speed data service. We present the
architecture, routing, and scheduling design in the adhoc relay
network. The simulation results show the proposed scheduling
and pipelined dispatching algorithm approaches to the optimal
throughput bound. Performance of AdhoCell system in various
scenarios has been investigated. The proposed AdhoCell can
effective improve the poor coverage in HSDPA cell at locations
where suffer from severe fading or are distant away from base
station.
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