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ABSTRACT channel is allocated a set of subcarriers, and two channels overlap

Collisions in overlapping channels can be a major problem in the when the intersection of their sets of subcarriers is not empty. Con-

deployment of high-speed OFDM networks. In this paper, we presen”fid‘:‘r 802'1_19’ V\_'hiCh _is becoming almost ubiquitously deployed
Remap, a simple, novel paradigm for handling collisions in over- In many residential neighborhoods. With only 3 orthogonal chan-

lapping OFDM channels. Remap introduces a novel concept of ne!s Wi_th disjoint sets of subcarrie_rs but a 'arg‘? r.‘“’.“bef of access
retransmission permutation that permutes the bit-to-subcarrier as-PoINts in a densely pop.ulat.ed neighborhood, it is inevitable thaq
signment after each transmission, departing from the traditional, many 802.11 access points in range of each other use overlapping
simply-repeat paradigm. Remap is simple to implement and able channels, as observed by previous measuremer_lt stedes{L]).

to exploit collision-free subcarriers to decode frames despite suc- In [17], the authors show that pa“""?‘”y overlapping channels may
cessive collisions in overlapping channels. We apply Remap to improve network throughput even in ma_na_ge_d 802.11 networ_ks,
802.11g to demonstrate that the diversity created by remapped fram en the number of orthogonal chanpels is limited, thus supporting
can substantially improve decoding efficiency and improve wire- the c_zlepl_oyment of part|a_lly oye_rlapplng chan_nels. C_hgnnel over-
less throughput. We implement our technique in software radio lapping is also allowed in WiFi networks built on digital white

and demonstrate that it has potential to be deployed with simple SPaces [2]. _ _ .
software and firmware updateps. Ploy P A challenge of using overlapping OFDM channels, however, is

how to handle collisions during contention and/or in the presence
of hidden terminals. Although much progress has been made re-

Categorles and SUbJeCt Descrlptors cently in handling collisionsdg., Zigzag decoding [7]), the previ-

C.2.1. [Computer-Communication Networks]: Network Archi- ous schemes are for single-channel collisions, not the overlapping
tecture and Design — Wireless communication channel settings.

In this paper, we present Remap, a simple, novel paradigm for
General Terms handling collisions in OFDM networks with overlapping channels.

Remap is different from the existing, passively repeat paradigm,
and introduces a novel concept called retransmission permutation
to permute the bit-to-subcarrier mapping after each transmission.

Algorithms, Design, Experimentation.

Keywords Retransmission permutation is a powerful diversity technique [21]
Collision Decoding, Interference Cancellation, OFDM, that can recover frequency selective losses from subsequentsetr
Time-Frequency Decoding, Loss of Orthogonality. missions when there is no collision. When there are collisions, it
in essence provides channel-width adaptation and allows bootstrap-
1. INTRODUCTION ping of the decoding of collided frames that may otherwise be im-

. . . possible to decode.

As OFDM becomes the foundation of modern high-speed wire- * g qifically, the foundation of Remap is based on a simple obser-
less netwo_rks, due to its advantages [19] such as Iowe_r Symbo'vation and a simple idea. The observation is that when two frames
rate, effective usage of a large frequency band, and resistance tq.,nsmitted on overlapping channels collide, only the subcarriers in
frequency-selective fading, collisions on overlapping OFDM chan- 4 intersection of the two channels collide; the bits in other sub-
nels may become a major problem in the deployment of such high- . jers are clean and can be collected. However, the non-colliding
speed wireless networks. Specifically, in an OFDM network, each g, carriers do not contain complete frame information. The idea of

Remap is to introduce structured permutation on the mapping from

bits to subcarriers after each collision to create structured diversity.
Permission to make digital or hard copies of all or part of thagkafor This di"efSit,y allows gither independgnt decoding.or bootstrapping
personal or classroom use is granted without fee providatidbpies are other decoding techniques such as Zigzag decoding [7].
not made or distributed for profit or commercial advantage aatidbpies In particular, we design 802.11g/Remap, which applies Remap
bear this notice and the full citation on the first page. Toyouiherwise, to to 802.11g to demonstrate its effectiveness. We show that by using
repuplis_h, to post on servers or to redistribute to listguiees prior specific the diversity created by remapped frames, an 802.11g recaiver
permission and/or a fee. can decode any franf after 4 collisions with other transmissions

MobiCom' 10, September 20-24, 2010, Chicago, lllinois, USA. . . . . .
Copyright 2010 ACM 978-1-4503-0181-7/10/09 ...$10.00. in adjacent channels; the number of collisions reduces to 2 if the
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other transmissions are mon-adjacent channels. These numbers ! 2

do not make any assumptions on the frames collided R4thlf Mapping 7, A | A
the frames collided withP; are the samei.g., both collisions are
betweerP; and another framB,), Remap can bootstrap decoding
both frames with the bits on the collision-free subcarriers. Decod- Mapping 7, A, A3
ing both frames at a single access point (AP) is important so that
the combiner (used in systems such as [18]) behind the AP can
make use of the reception diversity. In contrast, without Remap, Mapping 7, A | A
Zigzag cannot decode both frames. Furthermore, 802.11g/Remap
is backward compatible with 802.11 MAC. Thus, 802.11g/Remap
has potential to be deployed with simple software and firmware up- Mapping m, A | A
dates to the existing 802.11 networks.

We implement 802.11g/Remap using a software radio testbed

and conduct experiments to evaluate the performance of Remap tothe transmission for frami is not successful, 802.11g retransmits

demonstratg t.he benefits of Re.”‘ap- For example, for. non-adjacgntthe frameP where the bit-to-subcarrier assignment is the same.
channel collisions, when the signal strength of the primary data is

weak, for example between -6.8 dB to 2.7 dB, a normal decoder Retransmission Permutation
can decode only between 0% to 8.6% collisions, while Remap can The key novelty introduced by Remap is that during a retrans-
decode 90.2% to 98.4%. mission, Remap uses a permutation scheduling of bit-to-subcarrier
To summarize, we have made the following contributions: mapping. Note that, 802.11g interleaves in frequency to mitigate
simultaneous fading of adjacent subcarriers. Remap is done after
¢ \We propose a simple, novel concept of retransmission per- such interleaving. Since Remap is deterministic, the effectiveness
mutation to handle collisions on overlapping OFDM chan-  of interleaving of 802.11g is not affected.
nels. Figure 1 is a bit-to-subcarrier permutation table for 802.11g with
. . desirable properties. Specifically, when transmitting a frame for the
* We design 802.11g/Remap. We rigorously show that through ;¢ time, the transmitter uses the first row of the table for bit-to-
the diversity created by remapped frames, an 802.119 re- g hcarrier mapping: bit blocks,, - - -, A4 are mapped to subcarrier
ceiver can substantially improve decoding efficiency and im- groupsGy,-- -, G4 respectively. If the transmission encounters a col-
prove wireless throughput. lision and needs to be retried, the transmitter uses the second row of
the permutation table for bit-to-subcarrier mapping: bit blogks
As, A, A1 are mapped to subcarrier groups,- - - ,G4 respectively.
The third and fourth rows of the table are for the bit-to-subcarrier
The rest of the paper is organized as follows. In Section 2, we Mapping of the second and third retransmissions. The transmitter
present the basic idea. In Section 3, we cover our techniques toCYcles through these four rows if there is a need for more retrans-
handle key issues. In Section 4, we present evaluation results. [nM!SSIONS. . _
Section 5, we discuss our limitations and clarify several relevant With the basic idea, now we demonstrate the benefits of Remap
issues. Section 6 compares Remap with related work, and we con-USing a simple example shown in Figure 2. In this example, two
clude in Section 7. In the appendix, we discuss several technical 'eéSidential users, Alice and Bob, use 802.11g to connect to access
details for completeness. pointsAP, andAR, respectively. Let the channel_ betwee_n Alice and
AP; beCy. The channeCy between Bob ané\P, is an adjacent or
non-adjacent overlapping channel@f

&
&

Figure 1: Bit-to-subcarrier permutation table.

e We implement our technique in software radio and demon-
strate its feasibility.

2. BASIC IDEA

Collision!
802.11g Primer | AP, on
We use 802.11g to illustrate our basic idea. In standard 802.11g, = channel C,
data bits are assigned to subcarriers. We denote the first group of Alice Bob
16 subcarrier frequencies of 802.11g@&s the next group a&s,,
etc. Each 802.11g channel consists of 64 consecutive subcarrier Collision!
frequencies! Thus, the first channel; of 802.11g consists of ua
four groups:Gs, Gy, Gz, andG4; channelCy consists 0fG,, G3, AP, on
G4, andGs; channelCs consists 0f33, G4, Gs, andGg; channelCy channel C,
consists 0fzs, Gs, Gg, andGy, etc. Note tha€; overlaps withCy, Figure 2: AP, and AP, use overlapping channels. Frame from
Cy, C3, andCy4. We say tha€, is anadjacent overlapping channel Alice to AP, and that of Bob to AR, collide.
of Cy; C3 andC, arenon-adjacent overlapping channels of Cy . 2
Assume that a sender uses chaiieto send a fram consist- Due to hidden terminals or randomness, Alice may transmit a

ing of four bit blocksAy, Ao, A, andAs. Let the bit-to-subcarrier - framePp, to AP, concurrently with Bob transmitting a franf to
assignment be thadt; — G, Ay — Gz, A3 — G3, andA4 — G4. In AR, causing collisions a&P; andAR,. Without receiving an ac-
other words, the bits in bit block; are assigned to be carried by  ynowledgment, Alice retransmi, which may again collide with
subcarrier groufsy, those inAz by Gz, Az by G, andAq by Gg. If a transmission by Bob for fran&. Note that?, may be different
1Only 48 subcarriers carry data bits. from_PD, as Bokb m?y dsched;J][e a\c/i\;f{ﬁrer:téraw?{;aaf:er fagmg to
Note that non-overlapping channels do not equal to orthogonal receive an acknowledgment fB. vithout =émap, Trame, can-
channels; due to imperfect filtering, guard bands are needed tonOt be decoded by the access pdiRk so long there are collisions.
achieve orthogonality. Our decoding technique is subject to ad- Remap, however, allows decoding of collided frames. To illus-
jacent channel interference. trate our idea, we consider hoWP; decode$?;. We will show that
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Figure 3: Non-adjacent channel collisions.
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Remap allow#\P, to decodd, afterat most 3 retransmissions. We
illustrate three cases.

e Coallisions in Non-adjacent Channels: In this case, Alice and
Bob transmit using overlapping but non-adjacent chanmas (
Alice usesC; and Bob use€3). Figure 3 illustrates the col-
lided frames in the frequency domain. The left shows the first
collision, and the right shows the second collision. After the
first collision, AP; can decode bit block&; andA, because Al-
ice encodes them in the collision-free subcarrier graBpsind
Go. When transmitting the frame for the second time, Alice uses
Remap permutation to transmfi andAg in the two collision-
free subcarrier groups. Thus, despite collisions in both transmis-
sions,AP, can decode all four bit blocks. In other words, Remap
allows full decoding after at most one retransmission.
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Figure 4: Adjacent channel collisions.

can decode all bits in all subcarriers, even the bits of the second
frame transmitted in subcarriers outside of chafieh the first
transmission!

We represent the decoding process using the decoding graph
shown in Figure 5. Note that, for simplicity, we have presented

a simplified view of 802.11g subcarrier structure. For 802.11g,
there are unused subcarriers, so we need to define subcarrier
groups in terms of used subcarrier groups. In this definition,
the subcarrier groups are not aligned. However, this does not
present any decoding problem. We give more details on 802.11g
in the Appendix.

15t collision  2n@ Collision 1%t collision 2" Collision

e Collisions in Adjacent Channels.  The worst-case requiring 3 Re-encode A Al A;" A
retransmissions happens when Alice and Bob use adjacent chan- v H
nels g.g., Alice usesC; and Bob use€). Figure 4 shows the 1?3 B, B, B,
first two collisions. After the first collisionAP, can decode bit Subteast |
block A1; after the second collisiorAP; can decode bit block A, A; As A,
A4 due to Remap permutation. Using the permutation table in
Figure 1, one can verify that after the third collisiok?; can 1§ ];2

decode bit blockdy, and after the fourth collisiorAP; can de-
code bit blockAz. Thus, Remap allowaP; to fully recover the
frame despite persistent collisions.

Same-Pair Collisions in Adjacent Channels. The preceding

collided withP;. When the two frames that collided wiy are

Figure 5: Same-pair decoding graph.

3. REMAP IN DEPTH

worst case does not make any assumption on the frames thal

The preceding section presents the basic idea. In this section,

the same, Remap can achieve higher efficiency. We refer to this We give more details on several key issues, and summarize with the

case asame-pair collisions in adjacent channels or same-pair
collisions for short.

Specifically, for the case of same-pair collisions, Remap uses
bits that are mapped to collision-free subcarriers to bootstrap
more advanced decoding motivated by the ZigZag decoding.
Again consider Figure 4. We observe that bit blodsand A4

are on collision-free subcarriers during the first and second col-
lisions respectively. Ley denote the time-domain signal from
the first collision, and/ from the second collision. Le;(G;i)
denote the time-domain signal of bit blogk encoded at sub-
carrier groupG;.

From the first collision signaj, AP, decode#\; from subcarrier
group G4, since there is no collision on this subcarrier group.
AP; then re-encode&; onto subcarrier grou@,4 to obtainA; (Ga).
SubtractingA; (G4) from y'(G4) (the signal at subcarrier group
G4 from the second collisionP; obtainsBz(G4) and decodes
B3. AP, then re-encodeBs onto subcarrier groufs to obtain
B3(G3), subtractsBgz(G3) from y(G3) (the signal at subcarrier
Gz of the first collision), and then decodds. With Az, AP,
decode®Bs from the second collision.

Similar to the preceding, from the second collisi®R; decodes
A4 from subcarrier grous,, since there is no collision on this
subcarrier group during collisionsAP; usesA4 to decodeBy
from the signal of the first collisionB4 causes®; to get de-
coded from the second collision and followedBy. Thus,AP;

complete algorithm and analysis. For additional technical details
such as handling scramblers, 802.11 specific subcarrier structures
and channel estimation, please see Appendix.

3.1 Presentation Setting

We use 802.11g to be concrete. Our presentation setting is that
an 802.11g transmitter Alice transmits frames (den®gdP,) to
a receiverAP,. We refer to the frames from Alice as the primary
frames. We refer to Alice’ transmission channel as the primary
channel. We assume that the primary chann€hisising subcar-
rier groupsGy to G4. A second transmitter Bob transmits other
frames (denoted®, and ) to another receiver concurrently, and
may cause collisions with the transmissions by Alice. We refer to
the channel used by Bob as the secondary channel, and the frames
from Bob as the secondary frames. We focus on the case of one
secondary channel @, C3 or C4. Our scheme can be extended to
other secondary channels.

3.2 How to Encode Bit-to-Subcarrier
Remapping?

Remap may dynamically change the bit-to-subcarrier mapping
for retransmissions. Therefore, it is necessary to notify such map-
ping information to the receiver before it can correctly decode the
frame. One simple way is to encode such mapping information
in the PHY frame header. However, there are two issues need to
be considered. First, in the current 802.11 standards, the PLCP



header is compact, and there are no reserved bits for additional in-is the correlation samples used to detect the collision caused by
formation. One possible solution is to extend the header by anothera transmission on an overlapping chan@glwith a given pream-
OFDM symbol. But this will add additional overhead. Second, the ble. When computing the templat&P; applies a filter to remove
PLCP header may also subject to collisions. Therefore, it requires the high frequency components. Thé®,; also compensates each
a more robust way to encode the remapping information. sample in the template by a factor @f2/K®fT to remove the ef-
In this paper, we propose to encode the remapping information fects of the central frequency difference.
in the long training symbols of 802.11. Specifically, we design  The detection process conducts a simultaneous search of colli-
four distinct, pseudo-random (PN) long training symbols to signal sions using the precomputed templates. A transmission is detected
the four remapping schemes. The new PN long training symbols when a peak is found during correlation, and the signal energy is
are designed for good self-correlation. Following the preamble for- larger than a threshold. Remap will report a collision when the
mat of 802.11, Remap repeats a PN long training symbol twice to following two cases occur: 1) the receiver detects a preamble on
facilitate fine-grained frequency offset estimation and channel esti- the primary channel, and then it finds a preamble on a secondary
mation. Note that changing the content of the long training symbol channel while the transmission on the primary channel is still go-
does not affect its ability for channel estimation, as long as it is ing on (.e., the energy level is still high); or 2) the receiver detects
known. a preamble on a secondary channel, and then it finds a preamble
During the deployment in a WLAN, a Remap-capable AP an- on the primary channel while the transmission on the secondary
nounces that it supports Remap in its beacon frames. The AP canchannel is still going on.
use the reserved bits in the CAPABILITY field of its beacon frame . .
or the vendor specific information element of the beacon frame. 3-4 Which Channel is the Secondary

The Remap scheme is utilized only when both the AP and the client Channel?
are Remap-capable; otherwise, the conventional 802.11 format is  After AP, detects a collision, it also needs to determine the chan-
used for backward capability. nel that Bob uses. We identify two approaches.

During reception, the receiving AP will first use the 10 short One approach is th&P, uses a standard energy-detection tech-
symbols (which we kept intact) to conduct timing acquisition and nique. Specifically, each 802.11g channel (20 MHz) consists of
coarse frequency offset estimation. Then the AP will conduct a 64 subcarriers. As we have already discussed, these subcareiers a
search to determine whether the frame is a legacy frame or a Remappartitioned into 4 groups. The energy-detection technique identifies
frame. In particular, for a Remap frame, the AP uses correlation to each group that has a significant change in energy before and after
search for each of the four long PN training symbols in parallel. the correlation peak. From the subcarrier groups that have experi-
It will lock onto the one with the maximal peak and decide the enced collisionsAP, can infer the secondary channel by utilizing

remapping scheme. the channel structure of 802.11g.
.. Specifically, AP, first conducts FFT on the input samples. Let
3.3 Is There a Collision? Y[k, m] be the output of the FFT for the-th subcarrier symbol of

A collision is detected if a receiver finds the preamble of one the k-th OFDM symbol. Let the sample index of the correlation
frame inside another frame. One particular challenge here is thatpeak beA. AP; then taked symbols (8Q samples) before the
the interfering transmission can come from a partially overlapped correlation peak and computes the energy of each subcarrier group

channel, so that the traditional signal cross-correlation technique Gj,i = 1,2,3,4 before the peak:
will fail. Al
To understand the reason, assume that a transmission offgame E(G) = v ik 2 1
. : e 1(Gi) = Yk, m]|“. )
on channeC; collides with a transmission of frant® on channel A LnEs,

Ci1. Assume that the preamble used Ryris s,.3 Since frameR,
is transmitted on channeb, all samples taken on chanr@] will
rotate byel2MfT \wheredf is the difference between the central

AP, also used. symbols after the correlation peak to compute
the energy of each subcarrier groBpi = 1,2,3,4:

frequencies of channe®, andCy, T is the sampling period, arid AtL
is the index of samples. The correlation result will be Ex(Gi) = z Y[k, m]|2. )
L - k=A meG;
F(8) =3 Halsy[K[7eHIT, AP, comparesE; (Gi) and Ex(Gj). If Ex(Gj) is greater than
k=0 E1(Gi) by a threshold percentagkl; decides that a collision hap-

whereH, is the the channel gain measured on cham@el This pens on SUbC‘i‘"‘ef groud. . . .
may not be a peak even though the signal and the correlation pat- The preceding energy-detection approach is effective only when

tern are matched. Thus, Remap should compensate this frequenc;rlhe secondary frame has_ acomparable strength to the pr_ima_lr_y frame;
difference before it can apply the correlation algorithm. It may not be accurate if the secondary frame has a significantly

Another issue is that a signal Bf transmitted on chann€h, can s_maller signal strength (but sill strong enough to cause a C.O."i'
be distorted when received/A®,, which is tuned to chann@) and sion). To address thls, we use another approach that again utilizes
thus will apply the matching filter for chann@} during reception. the corre_latlon of_dn‘f_erent preamble templates on each channel,
Specifically, the frequency components of the signal beyond the AS_ explame_d earlier in Section 3.3, _because prea_lmbles are trans-
high edge of channe; are filtered out. Thus, if Remap continues mitted on different channels, they will generate different patterns

usings, as the template, it will also result in a reduced correlation €V€N though they contain the same sigr_1a|. Thus, only _the pattern
peaI?Sb P with the matched channel will have the highest peak. This provides

To address the preceding issusB, precomputes templates to us a more reliable means to discern the interference channel.
be used to detect collisions in overlapping channels. A template 3.5 Howto Identify Same-Pair Collisions?

3As mentioned in Section 3.2, Remap conducts correlations for OnceAP, determines that the received sigyal the result of
four possible preambles simultaneously. a collision in an adjacent channel, it tries to search for a sighal




Figure 6: Time and frequency domain decoding process of same-paiollisions.

involving the same-pair of framdg, andP,. Because senders in

tiple important issues unaddressed. We now give more details on

802.11 typically keep retransmitting a failed transmission as soon how Remap addresses the issues using simple, nice techniques.

as the medium is free, it is sufficient to store the signals of only a

few most recent collisions.
AP; again uses correlation to do the search. Assumeytban-
tains the collision of frame&s, P,), andy’ the collision of(P3, FY).

We start with a more detailed time and frequency domain repre-
sentation. Figure 6 is a more detailed representation of the example
in Section 2 to illustrate how to decode same-pair collisions. Re-
call that the collision-free subcarrier group &P, is G;. Thus,

Although AP, cannot decode the frames yet, it knows the channels AP, can decode bit block&; from the first collision andd, from
that each of these four frames are transmitted on and the timing off- the second collision.
sets. Because Remap maps bits to different subcarriers during re- As we discussed in the preceding section, after decoflingn-

transmissionsi\P,; cannot simply perform a correlation in the time
domain.

coded onG; from the first collision signalAP, re-encode\; to
subcarrier groufis, to obtainA;(G4), and subtracté\; (G4) from

First, consider whether the frames on the primary channel are they’ (the signal of the second collision) starting at offAgtin order

same (.e, P; = P}). AP, performs FFT oty andy’ using the timing
of Alice’s frame. AP, also corrects frequency offsets. Ldtbe the
number of subcarriers adlthe number of symbols in each frame.
Recall thaty [k, m] is the output of the FFT (FFT of) for them-th
subcarrier symbol of thie-th OFDM symbol. SimilarlyY’[k, m] is
the counterpart foy'. LetY* [k, m] denote the complex conjugate of
Y[k, m]. LetHa[m] andH;[m] be the channel gains associated with
them-th subcarrier of Alice’s channel t&P,. Similarly, H{J[m} and
Hp[m] are for Bob. Lel’ [k, m] be the reverse-mapped samples; that
is, if subcarrierm is mapped to subcarrierin P, then\f’[k, m =
HA[MY'[k,i]/HL[i]. Let the transmitted bits on subcarrier for
symbolk from Alice beXa[k, m.
ThenAP; computes the following correlation:
F(PaPe) = Sica S Y kmiY'km

S S Wby am 2. @

to recover the signal d3s.

A key issue in the preceding subtraction step is #iaf needs
to computeA; (G4) in the time-domain. Remap computés(Gy)
from A (G ) efficiently. In particularA; (G1) in the frequency do-
main consists of a group of subcarrier symbols, one on each sub-
carrier inGy. If a symbol is carried by subcarriérin the first
transmission oP;, the symbol will be carried by subcarri€ in
the second transmission B%. Thus, re-encodind\, in the fre-
quency domain, involves simple permutations and channel scaling
of subcarrier symbols. After this operatiof; conducts efficient
IFFT to convert from the frequency domain to the time domain to
obtainA; (Gy).

At this point, in the preceding section, we say tA&; decodes
Bz from the signal obtained by (G4) — A1(G4), re-encode®Bs
to subcarrier grouf3 to obtainBgz(G3), and then subtracts the
(time-domain)Bg(G3) in order to recoverdz. However, this is
not straightforward. In particular, althougtP, obtains the time-

Note that, the preceding technique assumes that the channel of eacOMain signal 0B3(Gy), it does not have the PLCP headerRjf

subcarrier for the retransmitted frame does not change much be-

tween the two transmissions. Note thatAP; does not know the
bit-to-subcarrier mapping &%, it may need to try out all four map-
pings.

Next consider whether the two frames on the second channe

are the samei e, P, = P{)). For the second channé\P; cannot

take all subcarrier groups into account, since subcarriers outside theB3(G4)‘

primary channel are filtered. In this cag€; conducts correlation

similar to the preceding but with only a subset of the subcarrier

groups.

3.6 How to Decode Same-Pair Collisions?

Thus, AP, does not know the modulation schemeﬂf;fand conse-
quently cannot actually decods from Bz(G4). Remap solvesthis
problem nicely. In particular, if AP; can validate that the chan-
nel has not changed much between the two collisions, which is

likely given that 802.11 is used primarily in indoor environments,

it can compute the re-encoded time-domain sign@43f33) from
using the technique from the preceding paragraph, with-
out the need to fully decod®s(Ga). For better accuracy, onéé>,
obtains the PLCP header from the first pass, it can then apply the
normal Remap decoding process. For subsequent bits of the sec-
ond frame, it decodes using the modulation scheme encoded in its
PLCP header’s signaling field.

The preceding process continues, in order as labeled in the fig-

If signalsy andy’ are due to collisions of the same pair of frames re. After decoding the bits on all subcarrie/P; proceeds to
on adjacent channels, Remap allows decoding of both, as we havejecode OFDM symbol by symbol, and reconstrBgt If needed,
seen in the preceding section on decoding same-pair collisions.it can also reconstrud®,. Note that,AP, does not have to wait

However, the description in the preceding section focuses on the ynij all bits on all subcarriers before decoding OFDM symbols.
main ideas using a frequency-domain representation. It leaves mul-



Remap_decodedl_set, y, channel) // col_set is the set of collisions

01. col_channel = Get_collided_channsjf

02.if (col_channel == channel ) // co-channel collision

03. Zigzag_decodefl _set, y) // account for bits-to-subcarrier remappin
04.else

05. collect_collision_free_group_biyschannel, col _channel)

06. foreachy € col_set

07. if (same_pair_collisiony( y', channel, col _channel))

08. decode_frame_payt(y, channel, col_channel)

09. elseif(same_primary_framg(y’, channel, col _channel))

10. collect_bits_in_same_franyey/, channel, col _channel)
11.  endif

12. end foreach

13. endif

14.col_set = col_sat Uy

Figure 7: Remap decoding algorithm.
It can decode an OFDM symbol as soon as all of its bits in all
corresponding subcarriers are decoded. Thus, Remap canedecod
OFDM symbols as time progresses.

3.7 Complete Algorithm

We now give the complete Remap decoding algorithm. The al-
gorithm is shown in Figure 7 aRemap_decode. The algorithm
takes as input a new collision signa),(the set ¢ol _set) of saved
collisions, and the channedt{annel) thatAP, tunes to.

The algorithm first determines whether the collision in the re-
ceived signaly is co-channel or overlapping channel. The algo-
rithm (line 1) computes the overlapped channel on which the inter-
ference transmission occurs. If the collision happens on the same
channel ofAP;, it is co-channel, and the algorithm (line 4) invokes
the Zigzag decoder (modified to deal with bit-to-subcarrier remap-
ping). Otherwise, the collision is on overlapping channels.

If the collision iny is due to overlapping channels, the algorithm
(line 5) first decodes and collects bit blocks in the collision-free
subcarrier groups. For data structure simplicity, the collected bit
blocks are still saved ig.

The algorithm then iterates over the set of saved collisiohsset.

For eachy’ in col_set, the algorithm detects whethgrandy’ con-

tain the collisions of the same-pair of frames. If so, the algo-
rithm (line 8) decodes the pair of frames and adds them to the set
of decoded frames. Otherwise, the algorithm (line 9) determines
whethery andy contain the same frame on the primary channel. If
so, the bit blocks decoded from their collision-free subcarriers be-
long to the same frame and can be combined. If all four bit blocks

of a frame are collected and the combined frame passes the CRC

check, the frame is inserted into the set of decoded frames.

3.8 Analysis and Extensions

We characterize the effectiveness of Remap under same-pair col
lisions. Specifically, leAP; be the intended receiver of franfg
from Alice on channelCy; AR, the intended receiver d®, from
Bob on channeC,. Assume that Alice uses bit-to-subcarrier map-
pingsTy; andTy i for the first and second transmissionsRafon
channelC, respectively. Bob uses mappingg; andT, j for the
two transmissions of,, on Cy's adjacent channdl,. If the map-
pings are chosen from the Remap table shown in Figure 1, we have
the following theorem:

THEOREM 1. If Ty # T, and T4, j # T4, jr, then Remap can
decode both frames P; and P, at AP, or AR,.

PrROOF Due to the symmetry of the four mappings, w.l.0.g.,
we assume that during the first collision, Alice usgg and Bob
usesry, 1. We can identify a total of 9 cases where Figure 4 is one

solely in the frequency domain iteratively, while 3 out of the 9 cases
can be decoded by decoding in the time domain iteratively for a
subset of subcarrier groups[]

Remark We can extend the bit-to-subcarrier mapping table in Fig-
ure 1 to non-802.11 channel structures where each channeltsonsis
of k adjacent subcarrier groups (in the case of 802.ktg4).

3.9 Loss of Orthogonality

WhenAP; tries to decode Alice’s frame on the primary channel,
it may lose orthogonality for the following two reasons:

e Frequency offset of the second frame; and

e If symbols are misaligned between Alice and Bob’s frames,
during FFT, the energy of Bob’s frame on subcarrienay
spread to Alice’s subcarriers (not limited to subcari)eas
Alice’s FFT window will not contain complete OFDM sym-
bols of Bob's frame.

Because of loss of orthogonality,[i] = HX[i] + ICI[i] 4+ w[i],
wherelCl[i] is the interference effect of the aforementioned rea-
sons H the channel gainX the data, andv the noise.

We first look at the impact of misalignment between Alice’s and
Bob's symbols. Let Alice's-th subcarrier signal b (t) = e2™t/T,

Let the interfering subcarrier from Bob e m and its signal is
xi(t) = eU+mMYT " Suppose the symbols are unaligneddbyrhe
correlation is then:

TN
m@T) = [ ()%t B

B/C((l* 605)7

wherep = e 12ZM+Md/T anda = — j2rm)T.

The power i§lm(3,T)|? = (5=)?(2 — 2cos( Z3®)). Taking the
max, we have the total interference power fromithan-th subcar-
rier [6]:

(4)
©)

T2
(Tm)2’

Imf* = 6)
We obtain the sum of interferences from all subcarriers (recall
thatM is the total number of subcarriers) that are at least distance

k fromi:

M

i —ij>k(3,T) = lr—if (8, T).
=0, (7 —i[ >k

@)

Assume that the interfering symbols at different subcarriers are in-
dependent. We have

M

Nmy—ij=k(8, )2 = ; i/ (3, T) . 8
=0, fi—i|>k

We then get the upper bouﬁimﬁ“ﬁ{i‘zkﬁ = Zmzo,mfi\zk |I‘m,i||2.

If k=4, 1 = 0.056T2 which 12.5 dB below thé-th signal power.

If k=3, thenl is 11.3 dB below thé-th signal power. Note that
these interference powers are upper bounds. Bedauskthe first
collision andA4 of the second collision are separated by 4 subcar-
riers,A; andA4 can be decoded as long as the signal can tolerate a
noise level that is 12.5 dB lower than the signal power. There are a
few subcarriers of, andAg that get interfered by nearby subcarri-
ers with a distance smaller than 3. The following iterative solution

example. One can verify that 6 out of the 9 cases can be decodedshould help.



After Remap decodd®, andR, with loss-of-orthogonality inter-
ference, we can reconstru€l [i]. We then subtrad(Cl [i] to better
decodeX|i] (Pa). This can be done similarly fa®,. In theory,
this process can iterate. The quality of this iterative interference
cancellation technique will depend on the decoding quality of the
first step. We do not investigate these kinds of techniques in the
experiments of this paper.

4. DISCUSSIONS

4.1 Limitations

Rate adaptation Remap will not work if retransmission uses a

different rate. This is also true for Zigzag. Some current rate adap-
tation algorithms adapt to collisions. For example, recent versions
of madwifi [16] change the bit rate when transmissions are not ac-
knowledged. However, as a recent study shows [25], rate should

be adapted to noise rather than interference caused by other trans-

missions. Thus, a rate adaptation scheme like this will not cause
problem to Remap or Zigzag.

Asymmetric received power Remap is sensitive to asymmet-
ric received powers of the collided frames. If one is significantly
stronger than the other, then automatic gain control might lock to
one and push the other into saturation at the ADCs or down into the
guantization noise. That is, depending on the SNR difference, to
decode the collisions, Remap can require a better ADC scheme.

4.2 Clarifications

Pilot tone corruption: It is possible that pilot tones might be cor-

e Hardware and software environment. Sora has a full-fledged
implementation of 802.11g. Remap follows the standard 802.11g
preamble structure, but we apply new long training symbols
for remapped retransmissions. We have implemented Remap
decoder for both non-same-pair collisions and same-pair col-
lisions.

Modulation. Remap can work with a variety of modulation
schemes. In this section, we may focus on Binary Phase Shift
Keying (BPSK). BPSK is used for the 6 Mbps data rate of
802.11g.

Configuration parameters. We conduct experiments inside a
large lab room in an office building. We choose to conduct
our experiments in weekends or deep nights. So there are rare
background 802.11b/g activities. We obtain different signal
noise ratios (SNR) by changing the location and/or power.
Unless otherwise mentioned, we use frames with 800 bytes
in our experiments.

We set up one Sora as the receiver. Two other Sora machines are
used as Alice and Bob. We set Alice to transmit on channel 3 and
the receiver is also receiving on channel 3 as well. Bob can transmit
on either channel 4 or channel 5.

We use BER (Bit Error Rate) armibrmalized throughput as per-
formance metrics. BER is computed before the Viterbi channel de-
coder. Since we know the exact content of each transmitted frame,
we can easily compute BER by a side-by-side comparison between
the demodulated bits and the bits that have been transmitted. To
compute thenormalized throughput, we perform Viterbi decod-

rupted. However, Remap does not use the corrupted pilot tones foring on each received frame. If a frame can be decoded by Viterbi
channel estimation and frequency offset estimation. In the iterative decoder without any bit error, we count it a Successfu"y decoded
decoding process, Remap uses pilot tones with interference subframe. Otherwise, it is counted as an error. We computethe

tracted out. In more detail, Remap first uses pilot tones of collision malized throughput as the ratio between all successfully decoded

free subcarriers. In the iterative decoding process, once Remapframes and the ideal case where all collisions can be decoded.

subtracts the interference from collision free subcarriers, it is left
with the next subcarrier group with interference removed. Hence,
Remap decoding will have uncorrupted pilot tones in the next sub-
carrier group.

Different modulations on different subcarriers: Some recent
studies, such as FARA [20], have proposed using different modula-

In our experiments, we first set all nodes on channel 3 and ensure
both links, from Alice/Bob to the receiver, have good quality; that
is, the frames loss rate is close to zero if there is only one transmitter
being active. Then, we set Bob to channel 4 or 5.

5.2 Experimental Results

tions on different subcarriers. Remap can work with these schemes ] o )
as long as it knows the modulation scheme that each subcarrier 5.2.1 Detecting Collisions and Matching

uses.
Different frame sizes Remap has no problem with frames of dif-

We start by evaluating the effectiveness of our collision detection
and same-pair detection algorithms.

ferent sizes as long as the retransmission of the same frame useg,) petecting Collisions

the same data rate (but two frames can use different rates).

Rateless erasure code Rateless measurement codeg( [22])
cannot solve the problem that Remap solves. The problem with

We first evaluate how well we can detect a collision using the al-
gorithm proposed in Section 3.3. We record 4,000 collision pairs
transmitted on different channelsd., channels 3 and 4; and chan-

rateless erasure code is that, Remap cannot match the second trangels 3 and 5) respectively.

mitted frame with the first framee(g., if the header of the second
transmission collides with the other frame). If Remap cannot match
the frames, it cannot put the relevant bits together.

What gets permuted? Only the preamble is not subject to bit-to-

To precisely locate the collision positions, we use the following
technique. Since our software radio platform provides us the flexi-
bility to transmit arbitrary signals, we form a signal that contains a
customized PN-marker and a sequence of eight experiment frames,

subcarrier remapping. Thus, the Remap iterative decoding procesaVith sufficient silence period between one another. This way, we

will take care of MAC header collisions. Since the preamble is
known, it can be subtracted.

5. EVALUATIONS
5.1 Experimental Setup

We evaluate Remap using the Sora software radio platform [14].

precisely control the latency between the leading PN-marker and
each following frame at the sample-level. We can detect the PN
marker quite easily and robustly, and hence we treat this as the
ground truth of our experiment.

Then, we use our algorithm to find the collision location of the
second frame, and compare it to the result we get using the artificial
PN marker. We call it is a false positive, if our algorithm reports a
collision when it is presented with a signal with no-collision; while



=False Positive *False Negtive 5.2.2 Decoding Performance

50 Next we evaluate how well our decoder works under a variety of
SNR settings. We use the similar technique described in Section
= 40 5.2.1 to get collision frames. We present results for non-matching
s collision decoding only. We leave matching-collision decoding
2 30 evaluation for future work. In our experiments, for each frame,
E 20 Alice always sends the original frame and the three Remapped ver-
2 (\ sions; while Bob continuously sends randomly generated frames.
2 0 In the third same-pair collision experiment, both Bob and Alice
will repeat each frame with four different remapping versions. Thus
0 :A._._._._._H_H we can obtain two collision pairs, each of which contains the same
6 5 4 3 2 4 0 1 2 3 4 5 6 frames with different remapping schemes. Unless otherwise men-
SINR (dB) tioned, for each experiment, we report the results with over 2,000

captured collision frames.

Figure 8: False positive and false negative probabilities of de- (&) Decoding Non-adjacent Channel Collisions
tecting collisions under different interference levels. We start with decoding collisions in non-adjacent channels. Ta-
ble 2 shows the throughput at three SNR settings. Since the noise
we call it a false negative, if the algorithm actually misses the true is small in our environment, we denote each setting using the SNR
collision location or it reports a collision but with a wrong channel.  difference between the received signal on the primary channel and
Figure 8 shows the average probabilities of false positive and that on the secondary channel. We see that, when the SNR of the
false negative collision detection. In this figure, the x-axis is the primary channel signal increases relative to that of the secondary
signal-to-interference-plus-noise ratio (SINR) of the experimental channel from -6.8 dB to 2.7 dB, the BER of decoding on the pri-
settings. We do not separate channel 3 and 4 collisions from chan-mary channel decreases (BER is calculated only for those frames
nel 3 and 5 collisions. In other words, Figure 8 shows the aggregatethat decoded correctly) from8.x 102 to 88 x 10~°. Remap de-
collision detection results. We can observe that when the interfer- codes more than 90% collision pairs correctly in all cases while
ence signal is weak compared with the data signal (SINR > 0 dB), normal decoder decodes only between 0 to 8.6% of the collision
both false positive and false negative are very low. As the inter- frames.
ference level increases, false positive and false negative start to in-

crease slightly. The reason is that interference injects noise into | Scenario— Non-adjacent channel

the correlation computation. However, even at low SINR, the error SNR Diff | | BER Throughput (Remap, Normal)
probabilities are still low. For example, the false positive probabil- -6.8 15x10°2 | (92.7, 0)

ity is below 20% when SINR is as low as -6 dB. -1.6 21x10°° | (90.2, 1.8)

(b) Detecting Same-Pair Collisions 2.7 8.8x107° | (98.4, 8.6)

We next evaluate our algorithm in Section 3.5 to detect collisions
involving the same pair of frames. In particular, the decoding al- Table 2: BER and normalized throughput with respect to SNR
gorithm needs to know if two collisions contain the same pair of diff.

frames before it can perform same-pair decoding. Since we do not

need collision matching for channel 3 and channel 5, we collect \we take a closer look at the scenario where the SNR difference
2,400 collided frames sent on channel 3 and channel 4 onIy. We is -1.6 dB. Among the 9.8% (1_902%) that Remap is not able to
classify the recorded frames into two groups. Within one group, all decode, 76% are due to the fact that Remap cannot decode the SIG-
collision pairs contain only the same pair of frames (possibly being NAL field of 802.11g preamble when the frames transmitted on the
remapped); while in the other group, all collision pairs contain dif- secondary channel arrive first. The reason is most likely that the
ferent random frames. We randomly sort the collision pairs in each interference from the secondary channel signal is so strong some
group, and try to match any two adjacent collision pairs. We report times that the SIGNAL field is corrupted. In this setting, in 40%

a false negative if it fails to match a collision pair in the first group, collisions, the frames on the secondary channel arrived first.
containing all same-pairs; while it is a false pOSitiVE ifitis reported As a Comparison, normal decoder decodes 1.8% collisions. A
to match a collision pair in the latter group. closer look shows that the collision frame is mostly collision free,

ch T False Posiive False Nevai either 3 or 10 bytes overlap at the end.
3 anne Oase 0STve Oa;e egalve (b) Decoding Adjacent Channel Collisions

7 0 03 Next we evaluate decoding collisions in adjacent channels. Figure 9
. shows the BER and throughput of seven settings. We see that the
Table 1: Performance of detecting collisions involving the same BER (calculated before the Viterbi process) of correctly decoded
pair of frames on channels 3 and 4. frames decreases from6lx 102 to below 15 x 10~* when the
Table 1 reports false positive and false negative probabilities from SNR difference increases from -8.7 dB to 9 dB. We see that, when
frames in channel 3 and channel 4. We can see that false positivetn® SNR difference is below -0.5 dB, normal decoder decodes al-
is zero in our experiments. Thus, the detection algorithm does not MOSt no frames correctly. When the SNR difference goes from
falsely report same-pair collisions and thus will not unnecessarily 3-8 dB to 9 dB, normal decoder’s decoding fraction increases from
trigger the same-pair decoding process. On the other hand, the al-37% to 86%. We also see that Remap’s decoding fraction will sig-
gorithm does report false negatives due to interference. We note Nificantly reduce if Fhe signal recglved on the secondary channel is
that false negatives in this case miss the same-pair decoding Op_stronger than the signal on the primary channel by more than 9 dB.
portunities, but the collided frames may still be able to be decoded
using the general adjacent decoding algorithm. 6. RELATED WORK
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Figure 9: Decoding non-adjacent channel collisions (channels 3 ark).

cess networks, where different nodes may select overlapping fre-
Remap’s key contribution is a novel bit-to-subcarrier remapping quency bands.
technique for resolving collisions in overlapping channels. It is dif-
ferent from prior technigues on interference cancellation and joint
decoding ég., [11, 15, 24]). These techniques operate on a single 8. ACKNOWLEDGMENTS
collision, and their decoding capability is limited by the channelca- ~ We are grateful to our shepherd Kyle Jamieson and the anony-
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APPENDIX

In this appendix, we discuss a few additional technical details about

(10]

(11]

[12]

implementing Remap, in particular implementing Remap for 802.11g.

A. DEALING WITH SCRAMBLER

In the IEEE 802.11¢g standard, all bits in a frame are scrambled
before coding and modulation. The initial state of the scrambler,
also called seed, is randomized each time a frame is transmitted,
including retransmission. This behavior creates an additional chal-
lenge for Remap. If a different scramble seed is used for the re-
transmission, it is impossible for Remap to collect bit blocks from
retransmitted frames. Thus, in our implementation, we simply use

B. 802.11 SPECIFIC SUBCARRIER GROUPS

In the main text, we do not go into more specifics of the 802.11
subcarrier structure. 802.11 subcarriers are numbered froro-32
+31. Subcarriers [-32,-27],[27,31] and O are unused. Sulecsr
-21,-7, +21, +7 are used as pilots. Non-pilot subcarriers in [-26,-1
and [1,26] are mapped with information bits.

In 802.11g/Remap, we divide subcarriers into four groups (
Gy, Gz, G4) with an equal number of subcarriers in each group: [-
26,-14], [-13,-1], [1,13] and [14,26]. However, in this assigmt
the adjacent channel subcarrier groups do not align with the pri-
mary channel. In particular its subcarrier groups are mapped into
[-10,2], [3,15], [17,29] and [30,42] as shown in Figure 10.

Subcarrier Group

Gy G, G; Gy Gi G: Gs
Al A2 A4 A:!
B, B: Bs B,

Aj: subcarriers [-26,-14] B,: subcarriers [-10,2]

A,: subcarriers [-13,-1]  Bj: subcarriers [3,15]
A3: subcarriers [1,13] By: subcarriers [17,29]
Ay: subcarriers [14,26] Bs: subcarriers [30,42]

Figure 10: Subcarrier view of collision with adjacent channel

e Bit block A; (12 bits) maps to subcarrier gro@y: [-26,-14]
(from subcarrier -26 to -14, 13 subcarriers, -21 is the pilot)

Bit block Az (12 bits) maps to subcarrier groGp: [-13,-1]
Bit block Az (12 bits) maps to subcarrier gro@: [1,13]
Bit block A4 (12 bits) maps to subcarrier groGa: [14,26]

When remapA; from G; to Gg4, subcarrier -26 maps to subcar-
rier 14, subcarrier -14 maps to 26; that is, subcarrie@imaps
to 40+jinGy

When remapA; from G, to Gz, subcarrier -13 maps to subcar-
rier 1,

Subcarrier -1 maps to 13; that is, subcarrier@Gnmaps to 14+j
in G3

When remap A3 fronG3 to Gy, subcarrier 1 maps to subcarrier
-13, subcarrier 13 maps to -1; that is, subcarrierGgimaps to
-14+jin Gy

When remap A4 fronG4 to G1, subcarrier 14 maps to subcarrier
-26, subcarrier 26 maps to -14; that is, subcarrier Gymaps
t0 -40+j inGy

15t collision ~ 2"® Collision

15t collision 29 Collision

Re-encode Ay Ay[1,3]

—_—

B;[1,11]
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Figure 11: Same-pair decoding graph for more complex 802.11.

the same seed for all retransmissions and only change it for a new We modify Remap same-pair decoding. Figure 11 shows the ac-

frame.

tual decoding process. Note that, we should try to avoid decoding



the adjacent channel subcarriers if they fall into the unused sub-
carriers of the primary channel. In our decoding process, we only
make use of one unused subcarrier, +Bjy[j, k] denotes the sub-
carrier indexed fromj to k within the subcarrier groups wheRg
uses. For exampl®3([1, 1] refers to subcarriers [3,13] for the first
collision. We need subcarrier +27 to decdig11] and B4[11].

Since it is adjacent to used subcarriers, the filter response should

still be sufficient.

C. CHANNEL ESTIMATION IN SAME-PAIR
DECODING

For Bob’s frame, the FFT is performed using the timing of Bob's

frame. We have two techniques corresponding to two cases. First,

we estimate channel on subcarrier gr@gpvhen we have already
subtracted the interference signal on subcarrier giBupAs an

We can use the same Equation (3). Second, we estimate chan-
nel on subcarrier grou@; when we have already known the bits
encoded on subcarrier gro@. For example, in Figure 6, at step
4, we need to subtra@s from the first collision samples. How-
ever, we have already decodBg now. We do a correlation in the
frequency domain:

= Z'\ilY[lvl}xb*[lvl}
= M (Hpli] X[l i] + Hali]Xa[l +A] +W(il)Xo*[1,i]  (9)
= Hpli] 3M; X[l 1]

example, in Figure 6, at step 3, we have already subtracted the sub-

carrier symbols corresponding £a on subcarrier groufss from
the samples.



