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Abstract—In this paper, we investigate the problem of medium
access control in mmWave wireless networks, within which dec-
tional antennas are used to combat the high path loss incure
in the 60GHz frequency band. The conventional CSMA/CA
protocol does not work well with directional antennas due to
impaired carrier sensing at the transmitters. We propose a ovel
directional CSMA/CA protocol that not only works well with
directional antennas but also achieves higher performanceain
than the protocol previously proposed in [1]. The proposed
protocol adopts virtual carrier sensing and allows non-inerfering
links to communicate simultaneously. Both performance anlgsis
and simulation study show that the proposed mechanism incur
low overhead and has robust performance even when the netwior
is heavily congested. Furthermore, the proposed protocolchieves
higher throughput than other protocols.

I. INTRODUCTION

recently proposed for 60GHz networks are also based on
TDMA [4], [6]. Because data traffic is bursty, the required
medium time is often highly unpredictable. A TDMA-based
MAC protocol may cause either high overhead for on-the-
fly medium reservation, or under- or over-allocated medium
time for individual users. Furthermore, as defined in IEEE
802.15.3 [7], a access point (AP) needs to schedule banawidt
requests from associated stations. Given that scheduting i
computationally intensive and should be executed in real
time, it is challenging to implement such a AP on a mobile
station. Contention-based MAC protocols, such as Carrier
Sense Multiple Access with Collision Avoidance (CSMA/CA),
work well with bursty traffic and operate robustly in unliced
bands [8]. However, the conventional CSMA/CA protocol does
not work well with directional antennas due to impaired ieairr

In recent years, the millimeter wave (mmWave) technologyensing at the transmitter. Under CSMA/CA, stations (STAs)
has gained considerable interest from academia, industhat see a busy medium compete for access to the medium
and standards bodies. One of the leading factors that mdjewaiting a random number of slot times before the next
mmWave technology so attractive is due to the huge unlieknsgttempt for transmission. Depending on the random numbers
bandwidth (i.e., up to 7GHz) available in the 60GHz banchosen by each STA, one STA (i.e., the one with the smallest
in most part of world. With this huge unlicensed bandwidthrandom number) will typically gain access to the medium first
many new applications that require gigabit data rate cdme other STAs will detect the transmission through a carrie
be easily supported. Another important factor is that tigense mechanism and suspend their attempts to gain channel
60GHz regulation allows much higher effective isotropidifra access until the medium becomes idle again.
ated power (EIRP) compared to other existing wireless localln 60 GHz band systems, beamforming, both on the receive
area networks (WLANSs) and wireless personal area networkigle and the transmit side, will be used to improve signal
(WPANS). High EIRP is required to overcome the high pathuality at the receiver. As a result of directional listemiand

loss in the 60GHz band.

transmitting, the signal strength could be very low at third

One of the biggest challenges for 60GHz is its high propgarty stations that are not involved in the current exchange
gation loss. The propagation loss of 60GHz signals in freeaking it difficult to perform carrier sense. This is often
space is 22dB higher than that of 5GHz signals. 60GHeferred to as the deafness problem. As illustrated in Fig. 1
signals also suffer from high attenuation loss due to ob=tac while Node A is transmitting to and receiving from Node C,
For instance, a human body introduces at least 15dB lossNode A's antenna beam points towards Node C. Because Node
60GHz signals compared to only 5dB loss to 5GHz signd cannot sense the directional transmission from Node A to
Therefore, directional antennas, such as phased anteraya,ar Node C, Node B may keep on trying to transmit to Node

are required to overcome the high propagation loss. Dorati
transmissions should be explicitly considered in the desig
MAC protocol for mmWave wireless networks.

A and keep on backing off with larger and larger contention
window after each transmission failure. Due to the deafness
problem, new mechanisms are needed to ensure that deferral

Currently, several standards have been or are being defitwdthird party stations is effective in this environment.
to achieve multi-gigabit rate for 60GHz wireless networks. Many contention-based MAC protocols that support direc-
Examples include ECMA-387 [2] and IEEE 802.15.3c [3ltional antennas have been proposed for mobile ad hoc or
Both standards focus on using Time Division Multiple Accessiesh networks [9]-[12]. A short survey of directional MAC
(TDMA) for data communications. Existing MAC protocolsprotocols can be found in [13]. Most of the schemes rely on
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(NAV), which contains duration information of the subseque
transmission(s). However, most existing directional MAG-p
tocols either are based on assumptions that do not appleto th
60GHz band, or introduce too much overhead when adopted
in the 60GHz band. Section II-A elaborates on why existing 5 unique challenge in the design of 60GHz wireless net-
directional MAC protocols cannot be directly applied in thg,orks arise from the requirement for high antenna gains at
60GHz band. In [1], we proposed a directional CSMA/CAp o the transmitter and receiver. However, before twacstat
based medium access protocol that is tailored specificallyp, finish beam-forming training with each other, neithee on
for 60GHz wireless networks. This protocol utilizes the ARan achieve proper beam-formed transmission or reception.
as a central collaborator for medium access and does Agerefore, a low-rate modulation and coding scheme (MCS)
require scheduling. However, the protocol proposed in [Rkeds to be defined to address the case when only one end of
does not take advantage of spatial reuse gain in a netwokk. Qe |ink has high beam-forming gain. Here, we assume a range
to the small interfering area of highly directional antesinagptimized MCS, i.e. MCSO, which has a receiver sensitivity
simultaneous communications in the same frequency changght 12dB higher than that of a data-rate-optimized MC8 tha
and in the same physical space may be possible [5]. Theref§gers data rates higher than 1 Gbps.

a MAC protocol that takes advantage of the spatial reuse gainany existing directional contention-based MAC protocols

can increase the aggregated network capacity. __ assume that normal data rate can be used even when only
In this paper, we propose an enhanced directionghe end of the link uses directional antennas. This assompti
CSMAJ/CA protocol that retains the advantages of the pres ot valid anymore in the 60GHz band. In 60GHz, MCS0
viously proposed protocol and enables spatial reuse in thes 1o he used for beam-forming training, and, moreover,
network. Both theoretical analysis and OPNET simulati%r transmissions when only one end of the link has high
results show that the proposed CSMA/CA with spatial reusgtenna gain. Furthermore, existing directional MAC peote

protocol achieves much higher performance gain than thesme that beam-training or the so-called beam-locking ca
802.11 MAC protocol and the directional CSMA/CA protocohg performed on a single received packet. While this might be

proposed in [1]. _ _ _ true for MIMO systems operating in lower frequency bands
~ The remainder of this paper is organized as follows. We o 5 4GHz or 5GHz), beam-forming training at 60GHz with
introduce the system model and the proposed CSMA/Chhased arrays is much more challenging and requires maultipl
MAC protocol is described in Section II. We then present oWl ations. In a 60GHz system, if an STA needs to transmit a
performance analysis of the proposed protocol in Sectibn e (e.g., an RTS) in an omni-directional fashion, it reeed
ar_ld our simulation study in Section IV. Section V concludgg perform a sector sweep to transmit multiple copies of the
this paper. RTS frame in different directions or sectors. During the RTS
Il. PROTOCOLDESCRIPTION transmission, the STA may miss any transmission intended fo
it from other STAs. Thus, it would be nontrivial to solve the

In this section, we describe a directional CSMA/CA proto-, ; . " .
col for 60GHz WLANs and explain how the proposed protOC(ﬂeafness problem in the 60GHz band with existing contention
ased directional MAC protocols.

exploits spatial reuse for throughput gains.
A. System Model B. Directional CSMA/CA Protocol with Spatial Reuse

We consider a wireless LAN as illustrated in Fig. 2. In Consider the WLAN shown in Fig. 2. Before associating
such a network, there is an access point (AP) that coordinatégth the AP, STAs first perform beam-forming training for
medium access for multiple mobile stations (STA). The ARansmission and reception, such that both the transmgittin
also provides basic timing for the network and managesd the receiving antennas can provide beam-forming gain.
membership of the network. STAs can communicate with tidter an STA completes beam-forming training, it always
AP or they can communicate directly with each other witholteam-forms towards the AP in its idle mode (i.e., waiting to
having to bridge data through the AP. receive), meaning there is high receive antenna gain. While

Fig. 2. A WLAN network consisting of one AP and five STAs.



STAS | NAY | with lower priority senses the medium idle PIFS after reicegjv
Group D=1 the TCTS frame, it may start its transmission towgrdg, it pee
AP [Ters| | NAV \ STA in the same group. Both TRTS and TCTS indicate the
duration of the TXOP and they are transmitted using MCSO
because only one end of the link has beam-forming gain. If

STAL [TRTs | [ awou | [ aweou | the AP does not receive the TRTS either due to channel error
or a collision on TRTS, STA1 will not receive a TCTS after
transmitting a TRTS. Thus, STA1 assumes that a collision

STA2 =a has occurred and starts an exponential backoff procedure as
defined in [14].

STA3 A-MPDU ‘ ‘ A-MPDU ‘

After receiving the TCTS and recognizing that it belongs
to Group 1, STAL1 and STA2 steer its beam towards each
other while STA3 and STA4 steer its beam towards each
STA4 . o
other. Upon receiving a TCTS with its own address as the
Fig. 3. lllustration of the high-performance directiond5KIA/CA protocol.  1arget Address, STA2 should wait for STAL to transmit first.
If PIFS (Point Inter-frame Space) after receiving the TCTS
frame, an STA senses the medium free, it can starts its data
nsmission towards its peer STA. The TRTS/TCTS exchange
0 set up a transmission opportunity (TXOP) in the network
hin the TXOP, STA1 can transmit one or more Aggregated

idle, the AP receives in its omni mode, meaning that theretff
no significant receive antenna gain. In the proposed prbtoc%?
because an STA is always beam-formed towards the AP bef ; ;

any data transmission or reception and the AP coordinages c LFJ’rotocg‘L ?ﬂ%ﬂmts (A"E)APDUS) to SLA.Z ata hAg:Ag"Eta
transmission within a WLAN, the deafness problem is thd?t(_e' pto DUS may e_a_ggregate In one A-MFPLU,

: which has a maximum size limit of 64K. Upon receiving
easily solved. . :
an A-MPDU, STA2 replies with a Block ACK (BA) that

To describe the proposed protocol, we consider a typicgal ... ; . i .
scenario shown in Fig. 2. In this scenario, STAL and STA fentifies which MPDUSs in the A-MPDU have been received

uccessfully. Other stations that do not belong to Group 1,

STA3 atf‘d STA4, SIA3| anld tShTA5 dlhave (sjet uﬂ p?ir—to-peglﬁch as STAS5, learn from the TCTS that there will be an on-

Eonne;: |onsdr(taspecd|vetr3]/. ,:P 'I('ahl Aeroheaa} s_at|o][\s a oing transmission and thus set their NAVs for the duratibn o

eam-lormed towards the Ar. 1he AP schedules intertere TXOP indicated in the TCTS. Note that STAs transmitting

measurement for each peer I|nk._ For Instance, the AP SCh?n the TXOP have to obey the TXOP duration and should not

gles STAl and STAZ to transm_|t ar_ld receive over the P L nsmit beyond the TXOP boundary that was defined by the
link, while all other STAs stay in directional receive mod

. ) TRTS/TCTS exchange.
to measure the noise floor. Based on the interference mea-

surement, the AP assigns non-interfering peer links into th
same group. As shown in Fig. 2, peer link (STA1-STA2) and
peer link (STA3-STA4) are assigned to Group 1, whereas peer
link (STA1-STA2) and peer link (STA3-STAS) are assigned”
to Group 2. Because peer links in the same group do not
interference with each other in directional transmissiod a Even though the proposed directional MAC protocol bears
receiving mode, they can communicate simultaneously. similarities with 802.11 DCF [14], there are a few important
As shown in Fig. 3, before STAL can communicate witflifferences that are worth noting. First, DCF is a distréalit

STA2 directly, it transmits a Target Request To Send (TR8S) MAC protocol, meaning any STA can transmit an RTS to
the AP. The TRTS contains three addresses: Receive Addr@¥ other STA. On the other hand, the proposed directional
(i.e. AP), Transmit Address (i.e. STAL), and Target Addre§sSMA/CA protocol is a centralized protocol. Before any
(i.e. STA2). Upon receiving the TRTS, the AP will transmiff@f@ transmission, an STA must transmit a TRTS to the
a Target Clear To Send (TCTS) message in omni mod@P to reserve medium time. TRTS and TCTS.are. conFr.oI
This ensures that all associated STAs can receive it. TH@mes that carry three addresses, one of which identifies
TCTS contains the following fields: Receive Address (i.e tHne destination STA. Due to antenna directionality, STAs
broadcast address), Transmit Address (i.e. AP), Targetessd 2dopting a distributed MAC protocol need to continuously
(i.e. STA2), a Group ID field, and a transmission prioritydiel rack all neighboring STAs, which can incur prohibitiveligh

In this case, the Group ID is set to 1, indicating that all pe§PMmunication overhead and high implementation compjexit
links that belong to Group 1 may transmit in the following Second, to support directionality, some of the parameters
Transmission Opportunity (TXOP). If the transmission gtio in the proposed protocol are different from those defined
field is set to 1, the peer STA with higher MAC addressy 802.11 DCF. For instance, aSlotTime is an important
transmits first. If the transmission priority field is set tote parameter in both DCF and our protocol and it is set to the
peer STA with lower MAC address transmits first. If an STAime needed for any station to detect a transmission from any

Remarks



SIFS TCTS | We follow the assumptions made in [8] and adopt the same
TRTS 2-D Markov chain model for the proposed MAC protocol.
In the Markov chain mode, each state is represented by
< aTRTSDur aSIFSTime aCCATime | {s(t),b(t)}, wheres(t) is defined to be the stochastic process
aRxTxTumAroundTime  representing the backoff stad® - - - , m) of the station at time
aSlotTime ———————» t and b(t) is the stochastic process representing the backoff

time counter for a given station. The maximum backoff stage,
i.e.,m, takes the value such th@tv,,,,. = 2™ CW,,in. Where
CWiae is the maximum contention window ar@W,,,;,, is

Fig. 4. lllustration of aSlotTime in the directional CSMAAC

other station. In 802.11 DCF, aSlotTime is set to: the minimum contention window. _
_ Let S be the normalized system throughput, defined as the
aSlotTime fraction of time the channel is used to successfully trahsmi
= aCCATime + aRzTxTurnaroundTime + payload bits.S can be expressed as the average number of

adir PropagationTime + aM AC ProcessingDelay, ~Payload bits transmitted in a TXOP divided by the average
length of a TXOP. Based on the 2-D Markov chain model,

whereas in our protocol, aSlotTime is set to: we extend the analysis in [8] and derive the system saturatio

aSlotTime throughput as:

= aT'RTSDur + aSIFSTime + aCCATime + ¢ _ p PPy Y E[P)] .
aRxTxTurnAroundTime. o AP_STA (1 = Py)o + Py PTs + Py (1 — Ps)Te
M N

Here, aTRTSDur is the duration of a TRTS frame, which Popa s7a PPy, Zj:l >_i—1 E[Py] (1)
includes the PHY preamble, the PHY header and the TRTS STAST (1— Py)o + Py PsTs + P(1 — Ps)T’
frame body. aSIFSTime is a short inter-frame time betweghere
receiving a packet and sending out an acknowledgement. aC- Ts =0+ aTCTSDur+TXOP
CATime is the time that a receiver needs to determine whether T.=0
a valid packet is on the medium. aRxTxTurnaroundTime is the Pp=1—(1-71)2 )
time that a half-duplex station needs to switch from Rx mode P, = %
to Tx mode. !

Because all STAs are beam-formed towards the AP and #fiethe above equations?sp_sr4 is the probability that an
width of the beam generated by an antenna array is narrd,/S A communication pair wins the contentiaflra_sra
most other STAs won't be able to receive the TRTS selt the probability that an STA/STA communication pair wins

from the source STA. Therefore, for a third-party STA tdh€ contention}/ is the number of peer links in one grouf,
detect an on-going transmission, virtual carrier sensiag h'S the average time consumed by a successful TXOR; the
to be used and thus aSlotTime needs to include aTRTSCRErage medium time a collision consumess the duration

and aSIFSTime. The definition of aSlotTime in the proposé] & time slot, aTCTSDur is the transmission duration of the
protocol is illustrated in Fig. 4. TCTS frame,r is the probability that a station transmits in a

Last but not the least, 802.11 DCF was designed maidigndomly chosen time slof); is the probability that a TXOP
for omni-directional transmissions and it suffers fromigas S Successfully set up, ank, is the probability that there is

problems, including the deafness problem, when being us@f€ast one transmission in the considered slot tides the
with directional antennas. Our proposed protocol is d@ﬂgnnumber of peer links that can operate simultaneously in one

M N, . .
specifically for directional transmissions in the 60GHz dar@"oUpP- The sumd_;_, 5,7, E[P;;] is the combined average
and it addresses the deafness problem. payload size of A-MPDUs that are transmitted oviér peer

links in the TXOP.
Ill. PERFORMANCEANALYSIS Equation (1) can be rearranged as follows:
In this section, we present an analytical study of the  NEIP 1) SM N gip
proposed directional MAC protocol. We derive the saturatio S = 1 Li-1 Al ¥ (nT _()1_%:;:(;2_:;):1 [ ”]- 3)
throughput of the proposed protocol, which is defined as the n Ts =T+ R P T

throughput level achieved at the top of the MAC layer whegynqer conditionr < 1, 7 can be estimated as [8]:
all nodes in the systems are continuously loaded. '

- . . 1
It is assumed that stations use MAC frame aggregation TR ——.
schemes, such as A-MPDU, and make multiple transmissions ny/Te/(20)

in one TXOP. When TXOP is utilized, a station contends once Figure 5 illustrates the relationship between the optiratd s
to transmit TRTS. Upon successful reception of a TCTS thatation throughput and the number of stations in the WLAN.
allows a station to transmit, the station can transmit asymawhen the transmission probability is small, i.e.< 1, the
A-MPDU as the TXOP duration permits, provided that the lastiroughput degradation is small with an increase in the rermb
BA can be received within the TXOP duration. of stations.
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Fig. 5. Optimal saturation throughput vs. the number of SifAthe WLAN. Fig. 6. Aggregated saturation throughput.

TABLE |
SIMULATION PARAMETERS

all peer links in this group.

Parameter | Value || Parameter | Value | V. CONCLUSION

:\D/lactioR:s e(,\;’\t/)ls;s) 2263 Z::(;t;r::se(li)s) 20 W_e propose and evaluate a directi_onal CSMA/CA with

ACK Rate (Mbps) | 1384 || TXOP duration (us) | 500 spatial reuse protocol for mmWave wireless networks. The
A-MPDU size (byte) | 65536 || MCSO preamble (us) 3.75 proposed MAC protocol enables spatial reuse in a wireless
TRTS (byte) 26 Data preamble (us) | 1.75 network with directional antennas, does not suffer from the
TCTS (byte) 26 Default CWmin 15 deafness problem, and incurs a small protocol overhead.
BA size (byte) 32 Default CWmax 1023 Through OPNET simulations, we find that the proposed proto-

col achieves much higher throughput than the original 802.1
protocol and another directional CSMA/CA protocol. More-
V. SIMULATION STUDY over, both our analysis and simulation results demonsdhigte

We evaluate the performance of the proposed directiodd\C efficiencies achieved by the proposed directional MAC
MAC protocol via extensive simulations using the OPNEProtocol for mmWave wireless networks.
Modeler. Our simulation uses a typical WLAN topology with
one AP and a variable number of stations in the same network, . ) : .
as shown in Fig. 2. STA1 has fully loaded traffic destined f?i Shiwen Mao's research is supported in part by the US Na
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As shown in Fig. 6, the saturation throughput achieved by
directional CSMA/CA protocol is about 3.5Gbps which is 37%[1]
less than that of the 802.11 protocol. On the other hand, the
saturation throughput achieved by the directional CSMA/CA
with spatial reuse protocol is about 5.2Gbps, which is abod%]
47% more than that of the 802.11 protocol and almost twices]
more than that of the directional CSMA/CA protocol. ]

The directional CSMA/CA with spatial reuse protocol natu-
rally inherits a main benefit of 802.11 protocol, which istigda
reuse from highly directional data transmission. By avmidi [3]
the deafness problem, the directional CSMA/CA with spatial
reuse protocol significantly reduces the number of coltisio [6]
within WLAN. There is also an additional gain provided by
shortened channel access time in non interfering groupgeWh 7]
one peer link has finished contention and started a TXOP,
another peer link in the same group may still be performin%g]
backoff. Reception of TCTS frame indicating transmission i
the same non-interfering group enables data transmission f
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