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Abstract— Asymmetric transmission ranges caused due to  Asymmetric transmit powers introduce new and more gen-
transmit power control have the undesirable effect of increasing eral hidden terminals. For example, in Figure 1, nodes A and B
the number of hidden terminals in the network as well as g6 ynaple to hear the low power transmission of data from C

increasing the unfairness in channel access. In this paper we . . )
present a new reactive power controlled MAC protocol, SHUSH, to D. Nodes A and B have set their transmit powers to higher

which tackles the above problems. We compare the performance POWer in order to communicate. If node A transmits data to
of SHUSH with four other transmit power controlled MAC B, then the A-B conversation will unwittingly interfere with
protocols and demonstrate that SHUSH achieves superior ag- the C-D conversation. In this case, nodes C and D constitute
gregate goodput, spatial reuse, faimess, and minimal energy ganerg| hidden terminalthat have a hidden ongoing conver-
consumption. sation that is interfered with by nodes A and B. Note that the
interfering terminals are no longer confined to be within the
|. INTRODUCTION carrier sense range of receiver D, as in the case of symmetric

Transmit power control is a highly effective technique fotransmit powers. Instead, these new interfering terminals can
minimizing interference and energy consumption in wireled located anywhere outside of the union of C and D’s carrier
networks. If two communicating nodes can lower their transense ranges (shown) yet within the union of carrier sense
mission powers and corresponding transmission radii to thenges formed at maximum transmit power from C and D (not
minimal values that maintain communication between tt#hown), e.g. where A and B are located. Let us term this region
two nodes, then the transmission between the two nodbe expanded interfering terminal zone. The interfering nodes
will minimize interference with other nodes, enabling highetollide with the hidden conversations, forcing retransmissions
aggregate throughput and greater spatial reuse than wirelesd degrading throughput. The increase in collisions caused by
networks that lack power control [19]. Transmit power contrafansmit power controlled hidden terminals was also observed
has further value in terms of minimizing energy consumption [1].
due to transmission. Portable wireless access devices such &HUSH provides the first complete solution that is both
laptops, PDAs, and cell phones have extremely limited battefgir and efficient to the problem of general hidden terminals
lifetimes. Energy constraints are also severe in wireless sensaroduced by asymmetric transmit powers in wireless 802.11
networks. Transmit power control offers an effective techniqgueANs. This general solution should preserve many of the
for prolonging the lifetime of these wireless access devicesiginal motivations for asymmetric transmit power, namely
by communicating at the minimum power that still maintaingiinimal energy consumption and minimal interference to
connectivity. enhance throughput and spatial reuse.

An assumption made by existing MAC layer protocols Existing solutions for power control require sending
is that communication ranges are symmetric. However, RTS/CTS at maximum power. This leads to poor spatial reuse
presence of power control this assumption is no longer valid.a&d poor aggregate throughput and is at odds with our original
critical issue that is encountered by MAC layer design givamotivations for transmit power control. Consider the BASIC
asymmetric transmit powers is ttgeneral hidden terminal protocol, which transmits the RTS/CTS at maximum power
problem which can result in increased collisions and degradé¢ad address hidden terminals and transmits the DATA/ACK at
throughput. We define the general hidden terminal probleoptimum (minimal) power to conserve energy. This BASIC
as any situation in which an interferer is unable to hear potocol was proposed as PARO in [6], and a similar protocol
hidden ongoing conversation and then interrupts that hiddemas proposed in [7]. PARO was subsequently renamed as
conversation. Thepecific hidden terminal probleaddressed BASIC [1]. The problem with BASIC is that the RTS/CTS
by MACA [2] is a subset of the general problem and assumesserves a large floor space for the subsequent DATA/ACK
symmetric transmit powers. In a symmetric transmit poweonversation that is carried on in a much smaller floor space.
environment, the only way that an interferer is unable to hebr BASIC's zeal to suppress potential interferers, RTS/CTS
an ongoing conversation and then interrupts that conversatimax also suppresses other concurrent conversations that would
is if the interferer cannot hear the sender and then interrupts tie interfere with the low power DATA/ACK conversation.
receiver by transmitting. In this case, the sender is hidden fromThe problem with large floor space reservations is exacer-
the interferer, hence the classic hidden terminal terminologhated in 802.11 by the fact that the RTS/CTS frames have



power control (OPC), in which all four packet types are sent
at minimum transmit power needed to maintain connectivity.
T SN OPC was depicted in Figure 1 as being susceptible to the
Teansmision-| e\ general hidden terminal problem.

Range/of A

A power controlled MAC (PCM) protocol was proposed for
802.11 [1]. PCM provides a mechanism to avoid collisions
from nodes in the carrier sense zone. In PCM, RTS/CTS
packets are transmitted at maximum power and data is pe-
riodically also transmitted at maximum power; the data is
otherwise sent at optimum power to conserve energy. The
periodic maximum power data transmissions enable nodes in

Fig. 1. Example of Low Power Link hidden from a High Power Link

Proax the sender’s carrier sense zone to stay suppressed throughout
rs crs ATA o] M the sender’s transmission. A drawback, as noted earlier, is that
Pmax BASTC the RTS/CTS transmission at maximum power suffers from
ToPt 1 s Sis[ [ vara | ex] poor spatial reuse and degraded throughput in transmit power
- poM controlled environments.
e pry o] A second critical issue encountered by MAC layer design
Popt o] [ o] R orc given asymmetric transmit powers i‘surne_ss of _medmm
Pemax | access. There are two mechanisms of unfairness introduced by
rort | Tors| [ews] [ oAma | [aex] srosH transmit power control. First, because of the general hidden
om0 wemst terminal effect, high power conversations can inherently and
Fig. 2. Overview of transmit power controlled MAC protocols arbitrarily interrupt hidden low power conversations, forcing

retransmissions and unfairly degraded throughput for low
power conversations. Second, this inherent unfairness favoring

extended range compared to data packets transmitted athtgh power conversations over low power conversations is
same power, because RTS/CTS frames are sent at a loaacerbated by the backoff algorithm. After a collision, the
“basic” data rate, which is 1Mbps for 802.11b. backoff algorithm manages how long nodes delay before

An alternative approach taken by SHUSH is to be reactivetransmitting, typically increasing the backoff interval after
rather than proactive in an asymmetric power control enwiepeated collisions. For example, the IEEE 802.11 protocol
ronment. In this approach, nodes such as C and D initialynploys the Binary Exponential Backoff (BEB) algorithm [2].
conduct their RTS-CTS-DATA-ACK exchange at optimunThe unfairness caused by BEB in 802.11 is a well-known
power. Only after there is interference do the nodes reambblem [5]. BEB favors the last node that was successful in
by identifying the source of the interference via the headgansmission. This exacerbates the fairness problem in heavy
fields in the interfering packets. Nodes will then calculatgaffic as the unsuccessful nodes do not gain access to the
the optimal transmit power needed to reach the interferehannel. In our case, the unsuccessful nodes are repeatedly
and send only the first frame of the interrupted conversatitime nodes transmitting at low power.
at optimal power to SHUSH the interferer posteriori All To address the unfairness issue, SHUSH employs a simple
subsequent frames are transmitted again at the power lestalteful strategy that is grafted into the reactive strategy of
sufficient to communicate with node D. The benefits of thiSHUSHing the interferer. SHUSH employs the principle that
reactive approach are that only the optimal (minimum) flo@ nodeN that has been interrupted has a higher priority to
space is reserved, instead of the maximum floor space, autess the medium than typical nodes, since naddad
the interferer is identified and suppressed. As a result, spabieen communicating beforehand. Let us term this principle
reuse is increased and more concurrent conversations can thkeinterruption principle Therefore, after an interruption
place. As we will show, the aggregate throughput is considesf an ongoing conversation, the interrupted node should be
ably enhanced despite interruptions to ongoing conversatioable to access the mediusoonerthan other nodes. SHUSH
Moreover, this reactive approach conserves energy by sendamyploys the additional principle that the interrupted node waits
every transmission at the minimal transmit power necessamtil after the interrupter has finished before grabbing the
By SHUSHIing the interferer after the fact, SHUSH's principlehannel sooner than other nodes. This second principle avoids
is to respond to concrete information about interference rathermediately interrupting the interrupter, on the theory that
than to anticipate worst-case interference. continued interruptions will cause a domino effect leading to

We summarize the behavior of several transmit power codecreased throughput. Let us term this second principle the
trolled MAC protocols, including plain 802.11, BASIC, andpatience principle A specific instantiation of these principles
SHUSH in Figure 2. In plain 802.11 without power controlin 802.11 would be to allow an interrupted node to grab
RTS, CTS, DATA and ACK are all sent at a default maximurthe channel during the DIFS interval immediately following
transmit powerP,,.,.. Asymmetric transmit powers allowscompletion of the interferer's conversation. We demonstrate
variation across these four packet types. BASIC sends RTS ahdt SHUSH's reactive strategy combined with SHUSH's two
CTS atP,,.. and sends DATA and ACK at optimum powermprinciples of interruption and patience achieve fairness while
P,,:. OPC refers to a minimum-energy strategy of optimahaintaining high throughput in the presence of asymmetric



transmit powers. to transmit data/management frames. A station is allowed to

In the rest of the paper, Section Il explains the SHUSHansmit a frame only if it senses the medium to be free at the
MAC protocol in detail. Section Ill provides an in-depthend of theDIFS interval and its backoff timer has expired. The
analysis and evaluation of the goodput, fairness, spatial reus#; S, which is 364usec, is used by stations which sense the
and energy consumption of SHUSH compared to 802.ldarrier to be busy but cannot decode the frame. Hence nodes
BASIC, PCM, and OPC transmit power controlled MAGn the carrier sense zone (Figure 1) need to deferBEtS
protocols. Section IV provides the background related workther tharDIFS before transmitting the frame.

and Section V concludes the discussion of SHUSH. The IEEE 802.11 protocol specification defines a frag-
mentation mechanism in which network level packets greater
Il. SHUSH PROTOCOL than a pre-definettagmentation thresholdre partitioned into

smaller MAC frames. These fragmented frames are transmitted

As discussed in Section 1, transmit power control 'ncreas‘ﬁsafragment bursi.e. once the node has gained access to the

the number of hidden terminals in the network and exacerbaﬁ%nnel it shall continue to send fragments until all fragments

the unfairmess of med'?”" access for the low power links n ﬂ?ﬁ a network level packet have been transmitted or it does not
network. SHUSH provides the first comprehensive solution RRceive an acknowledgment

the p“’b'ef“_ of general h_idden terminals which is both fair as In the presence of hidden terminals in the network, fragmen-
well as efficient. The main goals of the SHUSH protocol a8tion assists in faster recovery as well as lower power con-

toﬁ pr:)wdﬁlla ulnlfled ﬁolqt|or1[hthe;t I?dd.res'ses hidden termi mption of the nodes that experience interference/collisions.
efiects while aiso a_c Ieving the gowmg. However fragmentation adds some overhead as each data
« Enhanced spatial reuse and improved aggregate througggment frame needs to be separately acknowledged.

put throughout the wireless network In order for SHUSH to operate correctly, SHUSH must be
« Fair sharing of the channel between low powered anghie to determine:

high powered links

« Achieving the above without enforcing RTS/CTS based *
collision avoidance

« Minimizing overhead of the protocol in the absence of :
transmit power control and hidden nodes

« Reducing power consumption

the source address of the interferer whose transmission
caused the collisions/interference

the optimum power with which to SHUSH the interferer
when the interrupting conversation has completed

« which interrupted node gets to SHUSH which interferer
if there is more than one of each, and when

« Minimal modifications to the standard . . . :
SHUS . . hil hv with The following sub-sections explain how SHUSH determines
HUSH maintains a conservative philosophy with respectify 5,56 elements by making use of the inter-frame spacing

transmission power in an environment with asymmetric tranghd fragmentation mechanism of the IEEE 802.11 protocol.
mit powers. All conversations begin at the optimal transmit

power, with the intent of minimizing interference and max- o ) )
imizing spatial reuse and aggregate throughput. The optinfal Obtaining information about the interferer
power is calculated using the any of the protocols specified inAfter experiencing interference, at least one of the in-
[15] [8]. These protocols use either in-band(modify existingerrupted nodes will be able to hear at least one of the
MAC headers) or out-of-band(special control packets) mecimerferer(s). This interrupted node must be able to acquire
anisms to inform the transmitter of the signal strength at titke address of the interferer, the optimum power needed to
receiver. Thus SHUSH is agnostic to the exact implementatiogach the interferer, and also the time when the interferer has
of calculating optimal transmit powers and can leverage angmpleted its conversation.
of the existing techniques to achieve its power control goals. A variety of interference scenarios may occur. Consider the
In the event that an ongoing low power conversation tepologies shown in Figure 3, which shows only three of the
interrupted by a high power conversation that is unable to hgaossible fifteen interference scenarios. Here nodes A and B are
the hidden conversation, then SHUSH initiates a protocol fdre high power sender (HPS) and high power receiver (HPR)
the interrupted node(s) to contact and SHUSH the interferer(sgspectively. Nodes C, C’, C”, are the low power senders (LPS)
By notifying the high power nodes of the interruption, thand D, D’, and D" are the low power receivers (LPR) that are
interrupted nodes gain access to the channel and reservehidelen from the nodes HPR and HPS. In the rest of this section
channel for the duration of the incomplete communicatiome use the above terminology of HPR, HPS, LPR and LPS.
This notification can either take the form of a control message and D are within the transmission range of both nodes A
(RTS/ICTS) or a DATA fragment packet, as discussed belovand B. Nodes C’ and D" are within the transmission range of
Although SHUSH is not confined to the IEEE 802.11lonly node B. Nodes D’ and C” are outside the transmission
standard, we evaluate the protocol and compare the protomige of both nodes A and B.
against already proposed transmit power control protocolsFor reasons described in the next subsection, SHUSH needs
based on 802.11b. The IEEE 802.11b standard definedo3btain the MAC address of the interferer. The interferer may
different inter-frame time interval§IFS, DIFSandEIFS. The be either the HPS or the HPR, or in some cases both. If the
SIFS which is 10usec, is the shortest of the inter-frame spacesterferer is HPS, then every data frame header in the IEEE
and is used for a station to retain access of the channel 0862.11 MAC protocol would have the source address encoded
acquired. TheDIFS, which is 50 usec, is used by stationsin the frame. If the interferer is HPR, then ideally we would



interrupted node can calculate the optimal transmit power
required to SHUSH the interferer. SHUSH is agnostic to the
specific implementation of transmit power control and can
leverage off any of these protocols to achieve transmit power
control.

The next important issue is to determine how the interrupted
) ) ) ) nodes know when the fragment burst between the high power
Fig. 3. Example of three different topologies of the high power nodes A . .
and B and low power nodes C, C', C”, D, D’ and D" interfering nodes has completed, i.e. exactly when the ACK
frame for the last data fragment would be transmitted. In the
case that HPS is the interferer, the 802.11 data fragments

like the address of the HPR to be encoded in the ACK framévéomd have embedded within their headers information about

However, 802.11 only includes the destination address in A e duration of the trgnsmlssmn. When HPR. IS the mterfgrer,
; , ) . e 802.11 ACKs will also have the duration information
frames, i.e. only the HPS' address is encoded in the AC

e[nbedded within their headers. Thus, the lower nodes will

frames transmitted by HPR. While SHUSH is more gener . .
than 802.11, the specific implementation of 802.11 SHUSH ?r? able to determine when the interference from HPS/HPR

this paper uses the HPS’ address in place of the HPR’s addrve\:”s"scease'
i.e. it uses the address of the node who transmitted the ACK

frame. B. SHUSHing the interferer

Since the MAC address information is obtained from the The next task is to SHUSH the interferer and then resume
MAC data and control frame headers, one caveat is that thl® interrupted low power conversation. Normally, an 802.11
approach depends upon there being at least two MAC framede that has been interrupted by interference will backoff
headers transmitted between the HPR and HPS i.e. there nusshg the BEB algorithm. As observed earlier, this leads to
be at least one more frame header following the frame thatfair medium access, especially for low power conversations.
caused the interference in order for the low power interruptéd SHUSH, the interrupted node does not exponentially back
nodes to receive the MAC address information. In the caeff, and instead waits until the HPS/HPR conversation has
where the data frames are not fragmented, or the data is tmonpleted. At this point, the interrupted node is poised to
small for fragmentation, then an extra data frame with ze®HUSH the interferer and gain control over the medium.
payload (just the MAC header frame) is transmitted which SHUSH takes advantage of the fact that there is a DIFS
is also ACKed by the HPR. Thus the default DATA-ACKwaiting interval enforced after the completed conversation i.e.
handshake is modified to DATA-ACK-DATAEADER-ACK. after the ACK for the last data fragment is received, in which
This modified DATA-ACK sequence enables the interruptedPS and HPR are idle. After a successful transmission, the
low power node to gain all the information required to SHUSHigh power nodes defer for an interval Bff S+ RBO where
the high power nodes. A 802.11b data frame header is 28 byRBO is the random backoff. The RBO is calculated as:
long and the ACK frame is 14 bytes long and these frames )
unlike the RTS/CTS control frames are transmitted at the same RBO = Random() * aSlotTime @)

rate as the data frames. The trailer header mechanism addgare Random() is a pseudorandom integer drawn from a
very small overhead to the default DATA-ACK handshakenitorm distribution over the intervdd, CW] andaSlotTime
The semantics of transmitting the extra trailer header with ifs o usec for the DSSS PHY specification of 802.11b. To
acknowledgment is similar to having fragmentation en§b|eFégain access to the channel the low power node re-initiates
except that the data payload of the trailer fragment is Sgfe interrupted conversation during the DIFS interval, before
to 0. The 802.11 protocol already supports fragmentation, o, high power node starts the random backoff (RBO). On a
we expect that SHUSH's trailer header mechanism requir§§ccessful transmission node A (HPS) would set its CW to
minimal modifications to the existing protocol, while accruings\\ymin which is defined to be 31 for the DSSS PHY. Hence
significant benefits in tackling the aggravated hidden termingle RO generated ranges from 0 to 626c. To gain a fair
problem, as shown in Section Ill. share of the wireless medium, the low power nodes (node C)
In the case where fragmentation is enabled, then the exiged to SHUSH the high power source nodes (node A) before
trailer header is not required as the data fragment train and the high power node starts the RBO, as the RBO could also
corresponding ACKs provide the necessary information for th set to @sec. SHUSH adheres to the interruption principle,
low power nodes to SHUSH the high power nodes. which gives priority to a node that has been interrupted by a
SHUSH depends upon the MAC layer packets to havegh power conversation, i.e. it is only fair that the interrupted
embedded information concerning the transmit power of eacbnversation be given first priority to resume.
packet. Typically, the MAC layer header is modified to include SHUSH divides the DIFS interval into 2 pards$iotTime
field(s) required for transmit power control like RSSI an@ndaSiotTime + SIFS as shown in figure 4. This division
TxPower. Several transmit power control algorithms hawerders the SHUSH responses based on whether the LPS or
proposed modifying the 802.11 header to incorporate sucRR was interfered with. For example, in Figure 3, node C
power control information [8], [11]. Given the transmit powercorresponds to LPS and node D corresponds to LPR. If LPS
of the interferer and the RSSI at the interrupted node, thas been interrupted, it has all the information necessary to



aSlotTime aSlotTime SIFS

wsee o o a0 o A. ns2 Simulation Setup
Transmit SHUSH . . .
Resume Converdation We implement the above mentioned protocols in the ns2

if Node C within
transmission ramn; ge of A or B

simulator (ns-2.26) with the CMU wireless extensions [16].
which signal g BT CATTS  tesion The channel bit rate was set at 2Mbps for the data frames
and control frames were transmitted at the basic rate of 1
Fig. 4. The synchronization during the DIFS time interval Mbps. Packet size was set to 800 bytes with the fragmentation

threshold set at 400 bytes. Hence each network level packet

SHUSH the interferer. LPS will then initiate a SHUSH within 2> fragmented into 2 data fragments. With fragmentation

; . : enabled we evaluated the trace files generated and observe

the first half of the DIFS interval. If instead only the LPR™ . .

o X an improvement of around 6% in the goodput as compared
is interfered with, then the LPR does not know whether the . X .

the trailer header mechanism. However, the fairness and

LPS has been interfered with. For this reason the LPR Wat':%pacity of the network are the same for both the techniques.

during the first half of the DIFS to see if the LPS initiates 3Ve use a CBR traffic source for each pair of nodes (flow)

SHUSH. If no such SHUSH is detected, then the LPR initiat?ﬁ the network. The 2-Rav around reflection model was used
a SHUSH in the second half of the DIFS. ) Y9 )

A random backoff from the interval of [0-20% is selected We do not consider mobility in our simulations. We eva2luate
the protocols for a random topology over a flat gridc06m=.

before transmitting the SHUSH. This ensures that multiple lo be random tonoloay was generated by setting un CBR traffic
power nodes that have been interrupted do not transmit the polody g y 9P

SHUSH frame simultaneously. Without the random backo ,glt;v;gg zgghzt;?i?(:ﬁg] r;orgev?/itlﬂi;hteralestxggi.o:\—hrz:Og%? \g:crﬁ
the SHUSH frames would result in a collision at the higﬁ Y g

power nodes as every low power interrupted node woul her. The receive threshold for 1Mbps, 2Mbps. 5.5Mbps and

transmit the SHUSH at the same instant. It is also possib gMbps were set at -92dB, -90dBm, -85dBm and -80dBm,
. . . respectively. As part of future work we would like to evaluate
for multiple low power nodes that are interrupted to be hlddE',[P'

from each other. In this case. the SHUSH frames transmittoif protocol under different data traffic characteristics, like
by the LPR/LPS would collide at the HPS which would IeagurSty web traffic, TCP flows, etc

to the high power node to set its NAV to EIFS and backoff. The maximum distance between ad_]ac_ent nodes for the
%al,ndom topology was set at 200m. This is the farthest that

Thus in this case the channel reservation of the low pow node could communicate at the maximum transmit power
nodes would not be communicated to the high power nodes. X S POWer.
e used 10 different power levels similar to those used in

The last issue concerns what kind of SHUSH messa ﬁ At maximum transmit bower a nod N communicat
gets sent to the interferer. An important design constraint of’ aximu ans POWET a node can communicate
8/|th another node at a maximum distance of 200m.

SHUSH was to make minimal modifications to the existin
MAC protocol. Rather than design a new control frame, we
make use of the existing RTS, CTS, and DATA frames to signBl Simulation Results

a SHUSH. If LPS has been interrupted, then the message) Goodput; We first compare the five protocols by mea-
sent by LPS will depend on whether RTS/CTS is enablegyring the aggregate goodput of the network. Goodput is a
If RTS/CTS is enabled, then the SHUSH frame consists of &feasure of the amount of useful application layer data received
RTS sent at the optimum power. If RTS/CTS is not enablegy the node, and hence ignoring all the MAC layer and
then the SHUSH frame consists of the data frame that Wagtwork layer control signaling. We generated 10 different
interfered with. Thus unlike BASIC and PCM, SHUSH doegzndom topologies and for each topology we divide the total
not enforce the use of the RTS/CTS based collision avoidan@@odput of the network by the number of active flows in
If only LPR was interrupted, then the SHUSH frame consistge network Kbits/sec/node). We measure the aggregate
of an unsolicited CTS sent at optimum power. All SHUSHyoodput of the network for each of the five protocols. We
frames contain a duration field that indicates how long t§so varied the number of nodes in the network from 20 to
backoff. This will cause HPR/HPS to set their NAV fields angg i e. varied the number of active flows in the network from
back off. The LPS on receiving this unsolicited CTS frameq tg 40.
resumes the interrupted conversation at optimal power after Figure 5 shows the aggregate goodput of the network
SIFS interval. with RTS/CTS signaling enabled. OPC outperforms all the
other protocols. This is because the high power transmissions
. SHUSH PROTOCOL EVALUATION experience no interference from the smaller low power trans-
To evaluate the SHUSH protocol, we compare the perfamissions. Thus the high power nodes always have their backoff
mance of the protocol with 4 other transmit power contratindow atCW,,,;,, and dominate the medium by saturating the
802.11 based MAC protocols. We implement and compaliek between them. On the other hand the low power nodes
SHUSH with Optimal Power Control (OPC), BASIC [6] andare constantly interrupted and their backoff window keeps on
Power Controlled MAC (PCM) [1]. We also compare théncreasing exponentially. However, as the number of flows
performance of these protocols with 802.11b (802.11) withoimcrease in the network, the aggregate goodput of OPC drops
any transmit power control. Figure 2 provides an overview @ind approaches that of the other protocols. This is because
the behavior of the 5 different transmit power protocols thais the number of flows increase, the number of high power
we evaluated. transmissions that interfere with each other also increase. We



also observe that SHUSH does better than 802.11, BASIC anith OPC again being the most unfair and SHUSH performing
PCM. This is because 802.11, BASIC and PCM all transntietter than 802.11 as well as OPC.
the RTS/CTS at maximum power and hence result in a lower
spatial reuse. SHUSH transmits the RTS/CTS at optimal power
and only on a collision does it require to step up the power
as described in Il
Figure 6 shows the goodput of 802.11, SHUSH and

OPC without RTS/CTS negotiation. Overall we observe that
the goodput without RTS/CTS is higher than that of with 100 |
RTS/CTS due to the absence of the extra control frames. 50 -
PCM and BASIC enforce the use of RTS/CTS based collision o : : : : : : :

10 20 30 40 50 60 70 80 90
avoidance and hence cannot be compared. We observe similar Number of nodes
results here and also an improvement in the aggregate goo
of all the 3 protocols in the absence of RTS/CTS.
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Fig. 5. Aggregate Goodput with RTS/CTS signaling (Error bars not shown)
Fig. 8. Std. Dev. in goodput of individual flows without RTS/CTS signaling

oo | : ' ' T As observed from the results above, even though OPC
; PC ---eeee- . . P .

as0 - | OPC1S§<¢30§,1 e provides a higher aggregate goodput, it is the most unfair of

oor - Srsn TS bev all the protocols. Figure 9 shows the OPC goodput of the

individual flows in a 20 node network (10 flows). The height
. of the bars demonstrate the goodput of the individual flows
il and the line graph at the bottom plots the distance between
the source and destination node for every flow. Figure 10
s - T E—T - - = - shows the topology of this network. Clearly, flow 8 is the
Number of nodes most powerful transmission and dominates flows around it i.e.
. . S flows 3,6,7,9. Similarly, flow 2 dominates flow 1 and 10. This
23 Sév.Aggregate Goodput without RTS/CTS signaling with error bars of éxplains the high goodput obtained by flow 2 and 8. These high
power transmissions constantly force the less powerful nodes
2) Fairness: One of the objectives of the SHUSH protocoto backoff as explained in section Il and hence the goodput
is to provide a fair share of the medium to low poweof flows 3,6,7,9,1 and 10 is very low. Even though flow 5 is
and high power nodes in the network. To evaluate fairnesslow power transmission, it achieves a high goodput since
we measure the standard deviation of the goodput of thes isolated from all the other flows in the network. Hence,
individual flows in the network,averaged over 10 differerflow 5 does not experience any interference/collisions from
random topologies. Thus a high standard deviation impliéise other flows. This clearly demonstrates the drawback of
that the protocol is unfair by providing unequal share of th®@PC in which hidden terminals are forced to backoff and are
medium across the individual flows. A low standard deviatiocontinuously interfered with when transmitting.
implies that all flows in the network are provided nearly Figure 11 gives an estimate of the spatial reuse of the
equal share of the medium and hence the protocol is maoretwork obtained by SHUSH, OPC and 802.11. The spatial
fair. Figure 7 shows the aggregate standard deviation withuse also reflects the fairness of the MAC protocols. The
the RTS/CTS signaling for all five of the MAC protocolsspatial reuse is calculated as the number of active transmis-
for increasing number of flows in the network. Clearly, OPGions per unit time interval of the trace. The time interval
is the most unfair protocol in sharing the channel. This isas set t00.5sec and for each time interval we measure
because the high power transmissions dominate the chantted, number of unique nodes that receive an application layer
starving low power conversations. PCM, BASIC and SHUSHacket. The graph plots the spatial reuse of a 70 node network.
show comparable fairness. Figure 8 shows similar results Tfe x-axis plots the time intervals and the y-axis measures the
the aggregate standard deviation without RTS/CTS signalipgirs of nodes that receive an application layer packet in that
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250 | 5 7 2 g ber of nodes in the network. This is mainly because BASIC
zo0 | g; and PCM are not reactive to the collisions and interference
150 | caused by the high power nodes. BASIC and PCM always
200 ; transmit the RTS/CTS at maximum power and PCM always
e 50 o =00 e o - steps up its transmit power periodically irrespective of the
number of hidden terminals in the network. SHUSH on the
Fig. 10. Random topology of the 20 Node network other hand is reactive to the number of nodes in the network.

When the number of flows in the network are small, SHUSH
nearly performs as well as OPC. With increasing number of

timg intervql. (?Iearly, SHUSH outperforms 802.11 QUe to thedden terminals in the network, SHUSH needs to step up
patience principleemployed by SHUSH. Hence, unlike OPGpe transmit power and inform the high power nodes of the
which does not provide any chance for the low power nodgserference caused. Hence, the power consumption increases
to transmit, SHUSH provides a much improved spatial reu§ih increasing number of hidden terminals and thus SHUSH
of the network. BASIC and PCM achieve similar spatial reusg more reactive as compared to PCM and BASIC. SHUSH

as that obtained by 802.11.

consumes more power as compared to OPC, but the increase in
power consumption results in improved fairness as compared

35 T T T T T
YTy — to OPC.

2 OPC --->¢--
S 30 802 e
5 sl ] IV. RELATED WORK
s
5 .0 L i There has been little analysis in the literature that studies the
£ effect of asymmetric transmission ranges on the MAC and net-
e 15 . work level. [19] derives an asymptotic expression and proves
é that a variable-range transmission outperforms a common-
3 or e T range transmission approach in terms of power savings and

5 LX . . . . . increased capacity of the network. The COMPOW [9] protocol

(6] 5 10 15 20 25 30

is based on the common-range transmission approach. This
approach has the drawback that a single distant node could
Fig. 11. Spatial reuse of the network (70 node random topology with &RUSe the entire network to transmit at a higher power level.
pairs) Busy tone multiple access BTMA [13] proposes to combat
hidden terminals in CSMA. BTMA requires a data channel and
3) Energy ConsumptiontWe evaluate the energy consumpa control channel. The base station transmits a busy tone signal
tion of the 5 different protocols based on the metric joules/byta the control channel as long as it senses a carrier on the
transmitted. Figure 12 shows the energy consumption for tbata channel. [14], [11] introduce interference-limited MAC
random topology. 802.11, which lacks power control, corprotocols, where nodes are allowed to transmit as long as their
sumes the maximum energy and is constant across increagmagsmission does not corrupt the ongoing transmission. This
nodes in the network. OPC, which sends every frame at tiseachieved by broadcasting a busy tone, which neighboring
optimal transmit power has the minimum power consumptionodes use to calculate the interference-margin that can be
Our results confirm with the results obtained in [1] wher®lerated by the on-going transmission. Though the above
BASIC consumes more power as compared to PCM. Howevaotocols do not tradeoff spatial reuse, the solution requires
it is interesting to note that the power consumption for botimultiple channels and transceivers. [17] is a single channel
BASIC and PCM remains constant even with increasing nurselution which embeds the information about the interference

Time intervals 0.5s



margin into the CTS frame. This information is used to bourdi] J. Monks, V. Bharghavan, and W. Hwu, “A power controlled multiple

the transmission power of potentially interfering nodes. access protocol for wireless packet networks,” in Proceedings of IEEE
. . Conference on Computer Communications (INFOCOM), Apr. 2001, vol.
A variety of algorithms have been proposed to overcome 1 571 77,

the unfairness of the IEEE 802.11 protocol [4], [3], [10]j12] A. Mugattash and M. Krunz, “Power Controlled DualChannel (PCDC)
One of the seminal solutions was the Multiplicative Increase Medium Access Protocol for Wireless AdHoc Networks”, INFOCOM

. . . 2003
Linear Decrease (MILD) algorlthm, proposed in the MACAV\flS] C. Wu and V. O. K. Li, “Receiver-initiated busy-tone multiple access in

protocol [3]. The essence of the work in these algorithms is to  packet radio networks”, in Proc. ACM SIGCOMM 87, 1987, pp. 336

achieve global state in the ad-hoc network by exchanging local 342- o ,

inf tion about fairmess between neiahborina nodes. Th ]S‘(l-:] S.-L. Wu, Y.-C. Tseng, and J.-P. Sheu. “Intelligent Medium Access for

Informati g. g9 © Mobile Ad Hoc Networks with Busy Tones and Power Control.” IEEE

methods suffer from the overhead required to communicate Journal on Selected Area in Communications, 18(9):1647—57, 2000.

fairness state. [15] A. Sheth, R. Han “Adaptive Power Control and Selective Radio Ac-
. - tivation for Low-Power Infrastructure-Mode 802.11 LANs.” ICDCS

MiSer [18] proposes a per frame transmit power control Workshops 2003 Pages 812-817
and rate control algorithm. It pre-computes the optidrate, [16] The CMU Monarch Project. The CMU Monarch Project's Wireless and
power} table for a given{data payload, path loss, frame retry _Mobility extensions to NS.

. . [17] A. Mugattash and M. KrunzThe,"A single-channel solution for trans-
Coum} and the lookup is performed at runtime. However, th% mission power control in wireless ad hoc networks” in Proceedings of

solution is restricted to 802.11a and 802.11h protocols and also the 5th ACM international symposium on Mobile ad hoc networking
requires the RTS/CTS based collision avoidance mechanism, and computing MobiHoc 2004, 210-221, 2004. _
[18] D. Qiao, S. Choi, A. Jain, and Kang G. Shin, “MiSer: An Optimal
Low-Energy Transmission Strategy for IEEE 802.11 a/h”, in ACM
V. CONCLUSIONS MobiCom'2003, San Diego, CA, September 14 19, 2003.
SHUSH addresses two critical issues that are introducg@l J. Gomez and A. Campbell, "A Case for Variable-Range Transmis-

b . . - th | hidd inal sion Power Control in Wireless Multihop Networks”, In Proceedings
y asymmetric transmit powers: the general hidden termina of the IEEE Conference on Computer Communications (INFOCOM),

problem; and unfairness of medium access. Unlike existing HongKong, March 2004
MAC protocols, SHUSH adopts a reactive mechanism to deal
with hidden terminals. Nodes engage in conversations with
neighbors at the optimum. Only after an interruption does a
node that has been interfered with transmit at a temporarily
elevated power to SHUSH the interferer. This efficiently re-
serves the minimum floor space necessary. Fairness is achieved
by giving priority to the interrupted low power nodes in the
network over the interfering high power nodes. We compared
SHUSH against four other transmit power controlled MAC
protocols, and demonstrated that the resulting SHUSH pro-
tocol achieves superior aggregate throughput, spatial reuse,
fairness, and minimal energy consumption in almost all cases.
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