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Abstract—Robust channel estimation in IEEE 802.11p systems and fuel efficiency. An extensive list of basic set of applica
in highly time- and frequency-varying vehicular channels n  tions supported by vehicular communications under irfefit
combination with long data packets is a challenging task due transportation systems (ITS) can be found in [1]. Designing

to the ill-suited pilot pattern. Solutions of increased reeiver liabl irel icati ¢ itat th
complexity that use decision feedback and iterative decodg a refiable wireless communication system necessiiatesra

have been proposed to overcome the difficulty in robust charel 0ugh understanding of the environments in which they will
estimation. In this work, a cross-layered method to introdice be deployed. Consequently, several vehicular channel mea-

complementary training symbols into an 802.11p frame is pre  surement campaigns and characterization studies have been
posed. In the proposed approach, known bits are multiplexed ;4 cted. An extensive survey on vehicular channels, and a

with the data in higher layers and a modified receiver can utiize th h di . the ch teristi f vehicul h
these bits as training data for improved channel estimation orough discussion on the characteristics or vehiculane

A standard receiver treats these bits as data and passes themn€ls and their impact on the design of reliable communicatio
to the higher layers where they can be removed, making the systems can be found in [2]. Delay and Doppler spreads of
method compatible with the standard 802.11p transceiversA  yehicular channels measured in the DRIVEWAY’09 campaign
software/firmware update of the higher layers is needed in a 4.6 analyzed using local scattering function in [3]. Coheee
standard receiver to remove the multiplexed bits. A modified . 2

receiver with low complexity channel estimation schemes tt times as low asl80us and Coherence bandwidths as, low
utilizes the complementary training symbols is implementd in ~ as 200kHz are reported. The literature survey on vehicular

a field programmable gate array platform. Frame error rate channel measurements suggests that the vehicular channels
measurements have been performed by interfacing the hardwa  are traffic scenario dependent and can be highly time- and
implementation with a channel emulator. The measurement frequency-selective.

results follow the computer simulation results validating the .
hardware implementation. Moreover, measurement results fsow IEEE 802.11p has been chosen as the physical (PHY) layer

that the modified receiver follows the performance of an idek for vehicular communications [4], [5]. The pilot pattern in
receiver that has full knowledge of the channel (with only an 802.11p [6], [7] is identical to the pattern in IEEE 802.11a.

offset in signal-to-noise ratio) and significantly outperbrms the  802.11a was originally designed for relatively static indo
commercial 802.11p transceiver we tested. environments with pilots densely concentrated at the begin
Index Terms—IEEE 802.11p, cross layer, pilot scheme, OFDM, ning of a frame. This combined with the highly time- and
channel estimation, FPGA implementation. frequency-selective nature of vehicular channels makiessto
channel estimation a challenging task. Several soluti@e h
been proposed to address the problem of channel estimation i
. INTRODUCTION 802.11p systems. A channel estimation scheme called spectr

Vehicular communications, broadly classified into vehicld®mPporal averaging (STA) is proposed in [8]. The scheme uses
to-vehicle (V2V) and vehicle-to-infrastructure (V2I) com- decisions from data subcarriers in combination with avieigag

nications, are expected to be a part of the future tranganta N ime and frequency domains to compute updated channel
systems. Vehicular communications will enable a plethofStimates. A channel estimation scheme called constructed
data pilots (CDP) that uses preamble-based channel esimat
to construct pilots from data symbols for further channel
Copyright © 2015 IEEE. Personal use of this material is permittedesuma.t'on IS proposfed n [9] The STA and CDP schemes
However, permission to use this material for any other psesomust be Show improvement in frame error rate (FER) performance
obtained from the IEEE by sending a requesptibs-permissions@ieee.org jn comparison to the pilot-only based schemes. However, the
Keerthi Kumar Nagalapur, Fredrik Brannstrom, and ErikS&Bdm are with £ h b d h ith i
the Division of Communication Systems, Department of Sigaad Systems, performance ‘?‘s not _een compared to the case with pertect
Chalmers University of Technology, SE-412 96, Gothenb8igeden. E-mail: channel state information (CSI). In [10], an early work on
{keerthi, fredrik brannstrom, erik.strop@chalmers.seFabian Undi and Kim supporting higher velocities in 802.11a, a channel estimat
Mahler are with the Department of Wireless Communicatioms etworks, h h ks th h i | b .
Fraunhofer Heinrich Hertz Institute, Berlin, Germany. Bi#n{fabian.undi, scheme that tracks the channel impulse respor)se y using
kim.mahle} @hhi.fraunhofer.de the detected and remodulated data symbols, is presented.

_ The res_earch was funded by Chalmers Antenna _Sys_tems Baelenter | [11], a receiver with iterative channel estimation m@(in
in the project ‘Antenna Systems for V2X Communication’. tdsto Fraun-

hofer Heinrich Hertz Institute, Berlin, have been panjidiinded by COST use of d|§crete p'?OIate spheroidal sequences is proposed, a
IC 1004 STSM and Ericsson research foundation grants. the receiver achieves FER performance close to the case

of applications ranging from traffic safety, traffic effican



with perfect CSI. A soft iterative receiver that uses factor ﬂwamb,#_,’ Encode4_,’|mer|ea\,e4_,’ Mappe
graphs for performing joint channel estimation and detecti

is investigated in [12]. The receiver shows a significant FER dfm, k] L{
performance improvement in comparison to the noniterative S/P and MUH IDFT }—’
receivers. It is also reported in both [11] and [12] that the [m, k]

insertion of a postamble enables reduction of the number of p[m, k]

iterations required to attain a fixed performance. The titera

schemes discussed above suggest that it is possible tamerfbig. 1. Block diagram of an 802.11p transmitter.

robust channel estimation using the existing pilot pattatrn

the cost of increased receiver complexity. A scheme raugiri ) o )
modification in the 802.11p physical layer standard reterr&Y €xtending an existing HIRATE standard compliant 802.11p

to as tentpoles scheme where a subset of data Symbogrqgsceiver implementation. The main contributions of the
protected by a strong error control code is proposed in [£3]. Paper are: (i) we present an improved version of the algorith

this scheme, the data encoded with the strong code is decoBE}POsed in our previous work [17] to insert complementary
first and used as pilots for the channel estimation. training data before the PHY and MAC layers into an 802.11p

As an alternative to increasing the receiver complexitgtpi rame; (ii) linear interpolation which can be easily imple-
patterns suitable for low complexity channel estimation aff€nted in hardware is used to utilize the inserted trainatg d
proposed. In [14], another early work on supporting mqbilitfor channel estlmatlo_n; (i) a modn‘l_ed receiver that il
in 802.11a, frame formats consisting of modified pilot pase "€ complementary pilots has been implemented in an FPGA
called enhanced pilot (EP) patterns are proposed. One Pitform; (iv) experiments have been performed to validate
the proposed pattern uses periodically inserted orthdgoff3f compatibility of the proposed scheme with the standard
frequency division multiplexing (OFDM) training symboI5802-11 trangcelyers and to measure the pe_rformance of the
referred to as midambles. Channel estimation schemesCfnnel estimation based on linear interpolation.
exploit the midambles are also described in the same paperThe paper is organized as follows. Section Il describes the
The concept of midambles was revisited in [15], where $¥Stém model and the 802.11p frame format. The proposed
channel tracking algorithm based on midambles is descripd@me format and the method to introduce complementary
A modified frame format that consists of a single pilot peif@ining symbols are explained in Section Ill. In Section IV
OFDM symbol, where the pilots in consecutive symbols aféceiver configuration for utilizing the complementaryirirag
spaced two subcarriers apart, is proposed in [16]. Theg)gnbols is (jescrlbed. Section V briefly explains the FPGA
studies suggest that pilots spread throughout the entiradr implementation of the proposed scheme. Measurement setup
allow robust channel estimation with low receiver comptgxi and FER performance are discussed in Section VI. Section VII
However, these proposals require a modification to the &e.1concludes the paper.
standard.

In our previous work [17], we proposed a cross-layered |
approach to periodically insert complementary pilot OFDM
symbols into the 802.11p frame. In contrast to other works th The PHY layer of 802.11p uses OFDM witV = 64
introduce pilots by modifying the transmitter PHY layer, wesubcarriers and a cyclic prefix (CP) of lengificp = 16.
propose a method to insert pilots by manipulating the tramsmAmong the 64 subcarriers48 are allocated for dataj are
ted data above the medium access control (MAC) layer. Théocated for pilots, and2 are null subcarriers. A channel
extra pilots can be generated without any modification to tis@acing of 10 MHz results in OFDM symbol duration of
transmitter PHY or MAC layer. A modified receiver can utilizélsyn = 8 s which includes a CP of duratioficp = 1.6 s.
the inserted pilots to improve the channel estimation. ForTde 802.11p standard supports eight different modulatimh a
standard receiver incapable of using the complementanyspil coding schemes (MCSs) [6, Table 18.4].
these extra pilots are seen as part of data and are decoded usiThe encoding process of an 802.11p OFDM symbol is
the normal procedure. As a result, a standard 802.11p exceiMustrated in Fig. 1. Data bits are passed through a scrambl
is compatible with our scheme. The standard receiver reguiwhich is initialized with a pseudo-random nonzero seed for
a simple softwaref/firmware update in the higher layers &very transmitted frame. The scrambled bits are encoded usi
remove these additional pilots. The proposed complementar rate 1/2, (171,133)s convolutional code. Higher coding
training pilots provide more support for channel estimatod rates are achieved using puncturing. The encoded bits are
are not specific to any particular channel estimation tephai divided into groups ofVcgps bit, whereN¢gps is the number

In this work, we have implemented a modified receivesf coded bits per OFDM symbol. The bits in each group
that utilizes the complementary pilots in a field programiaabare interleaved and mapped to the constellatioresulting
gate array (FPGA) based hardware platform to show tlme complex valued data symbols. The complex valued data
implementation feasibility of our method. The modified reand pilot symbols are mapped to the data subcarriers and the
ceiver is implemented on High Performance Digital Radipilot subcarriers of the OFDM symbol, respectively. Foliogy
Testbed (HIRATE), a general purpose FPGA based platforrhich, an/N-point inverse discrete Fourier transform (IDFT) is
for rapid prototyping developed at Fraunhofer Heinrich téer performed to obtain the time domain signal and a C”Vgf
Institute, Berlin [18]. The modified receiver is implemethte samples is added to form the OFDM symbol. For specific

SYSTEM MODEL AND 802.11 FRAME STRUCTURE
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Fig. 2. A standard 802.11p frame in subcarrier-time gridashg the position variables with zero mean and variané. The effect of
of the pilots and the data symbols. intercarrier interference is neglected since the chanael c
be considered to be approximately time-invariant over the

details of the various blocks in the transmitter refer [6, ciuration of one OFDM symbol.
18].
A standard 802.11p frame (SF) in subcarrier-time grid is I1l. M ODIFIED FRAME

;hovvp in Fig. 2. The framg begins W!th a sequence of ten, g section, the proposed modified frame (MF) and its
|dent|cal_ vyaveforms spanning a duration DTy, _cglled encoding process is described. The flow of the data from the
short training (not shown in the figure). The short trainiBg’) logical link control (LLC) layer to the PHY layer is shown
is used by the receiver for frame detection, synchroninatiqn Fig. 3. The LLC layer outputs a data unit referred to as
and automatic gain control. Two identical OFDM symbol§,o frame body (FB) of lengttVeg bit. The FB is passed

referred to as long training (LT) symbols follow the shor{0 the MAC layer, which adds a MAC header of length
training and are mainly used for channel estimation andhgmi

e e ) maca = 288 bitt and a cyclic redundancy check (CRC)
synchronization. The SIGNAL symbol carries the length qf,acksum of lengthNore — 32 bit (computed over the

the packet and the MCS used for encoding the data bits. TOQ = header and the FB) to form the PHY layer convergence

SIGNAL symbol is encoded using the ralg2, (171,133)s protocol (PLCP) service data unit (PSDU). In the PLCP
convolutional code without puncturing together with BPS ublayer, a SERVICE field oNggry = 16 bit, a TAIL of
modulation. The SIGNAL field is followed by the OFDM y, =016 hits to terminate the convolutional encoder in a

symbols carrying the data. Every data OFDM symbol includg$, oy, state, and padded zero bits are added to form the DATA
four pilot symbols referred to asomb pilots The number of | .. ¢ the OFDM frame. Since the MAC layer in 802.11p
OFDM symbols in the SF beginning with the two LT symbolgy,es not perform any encryption [7, Sec. 5.2.10] and hence
is denoted by)/. L no reordering of the input FB bits, the location of the FB
_Assigning the data symbol positions to the $&@and the i iy the DATA unit can be determined@ihe insertion of the
pilot positions to the seIP., the frequency domain Sym_bOIadditionaI training bits in the FB to form the MF is performed
mapped to thekth subcarrier in themth OFDM symbol is immediately after the LLC layer and before the MAC layer.
given by We propose to introduce a new layer immediately after the
z[m, k] = d[m, k] + p[m, k], (1) LLC layer referred to as pseudo training (PT) layer to insert

the training bits. This is easily done with a software/firmeva
%deate of the protocol stack residing above the MAC layer.

The training bits inserted in the PT layer are scrambled in
the PHY layer. Since the scrambler is initialized with a fpkeu

. . . . random seed, the training bits inserted in the PT layer are
At the.recglver, the CP of the rgcelved t|me domain OFD odified in a manner indeterminable at the PT layer. However,
symbol is discarded and ai-point DFT is performed to th

) . ) e pseudo-random sequence used to initialize the scramble
obtain the frequency doma_ln s_ymbols. Assuming perfect fr&- estimated in the receiver. The estimated scrambler seed i
quIi’enC)I/ and t{?e styr/]nchrrlonlzaltl_on, alnd that the Ietnhgth of t Sgﬂbination with the inserted training sequence can be used

IS longer than he channel IMpulse response, the recg%ﬁ a modified receiver to recreate the output of the scrambler
frequency domain symbols after the DFT operation are give The ratel /2, (171, 133)s convolutional encoder has a mem-

by [19, Sec. 8.] ory of Nyigm = 6 bit. As a consequence, the two output bits of
y[m, k] = him, klx[m, k] + wim, k], (2) the convolutional encoder depend on the input bit Afgkzn

whered[m, k] andp[m, k] are the data and the pilot symbol
respectively, such thafm, k] = 0,V[m, k] ¢ P andd|m, k] =
0, V[m, k] ¢ D. The first two identical OFDM symbols in LT
have indicesn = 0 andm = 1.

where h_[m, k] is the channel frequency response at_ it 1This is the length of the largest possible MAC header and ésl iis our
subcarrier of thenth OFDM symbol andw[m, k] are inde- results. The actual MAC header used can be smaller [6, S2k. 8.
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M, . Since the CRC and the TAIL bits are appended to the
end of the frame by the layers below the PT layer, the frame
consists ofM/;, OFDM symbols after the final PT as shown in
the figure.M{; is determined byVyg, M7, and the MCS used

previous input bits. To insert known training bits into th&nd is upper bounded by Ncre + Nvewm)/Noses| +1. The
frame, the convolutional encoder is terminated in a knowtest "umber of OFDM symbols in the MF, beginning with the two
before the training bits are fed to the convolutional encodé! SYmbols, is denoted by/".
The resulting sequence of output bits is therefore detaxehin To insert PT symbols as shown in Fig. 4, a transmitter uses
by the termination state and the input bits. Hence, insgrti@ binary sequence of lengffviem + Npeps denoted by PTh
a known training sequence of any length into the framhich is known to a modified receiver. The fir8tgy bit
requires Nyipv additional bits. Also, the encoded bits ar®f the sequence terminate the encoder in a known state and
interleaved over one OFDM symbol modifying the positiontfie remainingNpgps bit correspond to one OFDM training
of the inserted bits. To minimize the overhead of termimaticsymbol. To ensure that the inserted bits result in a complete
and to insert training data which facilitates robust chann@FDM symbol as shown in the figure, the insertion has to
estimation for the frame, we insert training bits of lengthe performed at specific positions, considering the inteee
Npgsps (number of data bits per OFDM symbol) periodically@nd the other fields added. Since the scrambling is done in
in the frame. Inserting a complete OFDM training symbd® random fashion unknown to the PT layer, the choice of
requires the convolutional encoder to be terminated in avkino bits in PTb cannot easily be optimized. For BPSK and QPSK
state only once per OFDM training symbol resulting in snrallénodulations all choices give the same performance. In the
overhead. In addition, a complete OFDM symbol as trainingumerical section, PTh was set to the all-zero sequence of
similar to an LT symbol, has the advantage of measuring tH9th Nviem + Nppps bit. The procedure to insert training
frequency response across all the subcarriers. bits is described in the procedure InsertPT. The output ®f th
Fig. 4 shows an example of the MF with periodically inPbrocedure is anodified FBwhich consists of the original FB

serted OFDM training symbols. The inserted OFDM symbof{d the inserted PTb sequences as illustrated in Fig. 5. The
will henceforth be referred to as PT symbols and the numberijecedure is a modified version of the one described in our
OFDM symbols between two periodically inserted PT symboRyévious work [17]. The modification is related to the ailit

is denoted by}, which is the design parameter of the MFL0 Inserta PT symbol at the end of short _frame;.

As shown in Fig. 4, the number of OFDM symbols between My can be fixed or made adaptive, in which case the
the LT symbols and the first PT is denoted bf which in transmitter chooses afi/}, and includes its value in the
some cases can be larger th]mli due to the insertion of the transmitted frame. Currently the unused last nine bits & th
SIGNAL symbol, SERVICE field, and the MAC header bySERVICE field can be used to conveyy to the modified

the layers below the PT layer. In fady/; is lower bounded receiver in caseMy is adaptive (i.e., not known by the
by [(Nserv + Nmacu + Nvem)/Npsps] + 1, where [z]  receiver). The reserved bit in the SIGNAL symbol and/or the
denotes the smallest integer larger or equakidNhen the presence ofM}, in_ th_e last nine bits in the SERV|C_E field
packet is not long enough to enable the insertion of a PT wig@n be used to indicate a MF. If the SERVICE field and
the specifiedM},, a PT is inserted at the end of the framethe reserved bit are not accessible to the PT layer during
Also, depending on the lengtiVyg, the frame in the end transmission, we instead propose to use a header in the PT
may consist of less thai/, OFDM data symbols after the layer to indicate the presence of a MF and th§ used to
periodically inserted PT symbols. In that case, one adutiio the receiver. The header is added to the FB received from the
PT is inserted after the periodically inserted PT at the eind bLC layer before it is fed to the procedure InsertPT.

the frame. The number of OFDM symbols between the final We note that the modified FB has a size larger than the
periodically inserted PT and the additional PT is denoted lyiginal FB due to the insertion of PTb sequences (and PT

Fig. 4. A modified 802.11p frame in subcarrier-time grid shraythe position
of the pilots, the data symbols, and the inserted PT symbols.



1: procedure INSERTPT(FB, PTb,Npgps, Nmacu, Mp)

2 MY = max([(Nsgrv + NMacu + Nvem)/Nposps | + 1, Mp)
3 Ns = Npps(M§ — 1) — Nsgrv — Nvaca — NMeM

4: if Ngg > Ng then

5: Np = NpepsM{, — NmeM

6 Q = [(N¥B — Ns)/Np|

7
8

if Q # 0 then
FB, = FB[Ns + (¢ — 1)Np + 1 to Ng + qNp],
Vg=1,---,Q

9: end if

10: if (NrB — Ns — QNp + Nvewm) > Npsps then
1L M) = [(NrB — Ns — QNp + NvEM)/NpBPs |
12: Na = M) Npeps — NMEM

13: A=1

14: FBA:FB[Ns—‘rQNp—i-ltONs—i-QNp—‘rNA}
15: else

16: NaA=0;A=0

17: end if

18: else

19: Q=0;Np=0;A=0;Npy =0

20: M{ = [(Nserv + Nmach + NeB)/NpBPs |

21 Ns1 = Mg Npeps — Nserv — NvacH — NMEM
22: Ns2 = (Mg — 1)Nppps — Nsgrv — NMacH — NMEM
23: if Ng1 > 0 and Ngg > Ng; then

24: Ns = Ng1

25: elseif Ngs > 0 and Ngg > Ngo then

26: Ng = Ngo

27: else

28: Transmit an SF. Go tend procedure

29: end if
30: end if

31: NE:NFB—Ns—QNp—ANA

32 Mj = [(Ng + Ncre + NmeMm)/Nppps |

33: FBg = FBJ1 to Ng]

34: FBE:FB[NSJ,-QNP—‘,-ANA—FItONs—i-QNp—‘rANA—i-NE}

35: Insert the binary sequence PTb in between the blocksefrim the
above steps as shown in Fig. 5.
36: Pad zeros to the resulting sequence of bits if necessamyake the

length of the sequence an integer multiple of octets.

37: Denote the sequence as modified FB, which is passed doiA®
layer.

38: end procedure

U[m, k, b]
DFT ’ DemodulatoH DeinterleaveH Decoderf—»’ Descramblek—»
N v
y[m, k] h[m, k] S|
|
|
I LS channe
| LT Estimation
Sl = Generate [m, k]
|
, PTb—| pim,
| M —| PT symbolg pT

Channel Estimation

Fig. 6. Block diagram of the modified receiver.

IV. RECEIVER FORMODIFIED 802.11 FRAME

A receiver that utilizes the PT symbols for channel esti-
mation is discussed in this section. There are many possible
receiver structures that can utilize the PT symbols in cbffié
ways. The main contribution of the work is to provide more
support for channel estimation by means of complementary
training symbols introduced using a cross-layered approac
and the focus is not on a specific channel estimation scheme.

Block diagram of an 802.11p receiver that can utilize the
complementary training symbols is shown in Fig. 6. The
frequency domain symbolg[m, k] obtained after discarding
the CP and performing the DFT operation are fed to the
channel estimation block. The channel estimation blocls use
the received symbols and the pilots to obtain channel estgna
h[m, k] for the entire frame. The received frequency domain
symbolsy[m, k] and the channel estimatégm, k| are then
fed to a soft-demodulator. The soft-demodulator compuigs |
likelihood ratios (LLRs) of the encoded bits using max-log
approximation. The max-log approximation LLR values are
given by

1 w . 2 2
l[mv ka b] = FO E{ZOI}(_l) wi%}é})u |y[m, k] - h’[mv k]xl| s

®3)

where &, ,, is the set of constellation points whos@ bit is

u. The scaling factoit /N, can be ignored since it is constant
for all the symbols. The LLRs are then deinterleaved and fed
to the soft-input Viterbi decoder.

The pseudo-random scrambler initialization seed (SI) used
to initialize the scrambler in the transmitter is necesdary
reproducing the inserted PT symbols at the receiver side. Th
first 7 bit in the SERVICE field correspond to the Sl and they
are estimated with the assistance of channel estimatemetta
using the LT symbols. Least-squares (LS) channel estimates
are calculated using the two identical LT symbols and are
averaged to obtain less noisy channel estimates given by

hyr[k] % (iLLS[O, k] + his]l, k])

1 (y[0,k] | y[1,K]
=3 (a:[O,k] + :c[l,k]) ‘ )

The LS estimates can further be smoothed to lower the mean-
squared estimation error [20]. LS estimation is used in our
work since it is readily implemented in hardware and does
not require the knowledge of channel statistics.

The LLRs corresponding to the first several DATA OFDM
symbols are computed using the LS channel estinféﬁeﬂc]
in (4) and the SERVICE field is decoded using Viterbi de-
coding with traceback. Traceback length of 120 trellis stag
is used in the numerical results presented in Section VI.
Using the estimated SI, PTb binary sequence, affd the
inserted frequency domain training symbols are generated

layer header if present). As a consequence, the size of the iiBng the same procedure as in the transmitter. Subseguentl
fed to the procedure InsertPT has to be such that the sizetld LS estimates at the LT, comb pilots, and PT positions are
the modified FB does not exceed the maximum allowed F&dmputed and fed to the interpolator.

size (which is specified in [6]). However, this is not an issue A blockwise linear minimum mean squared error (LMMSE)
for today’s traffic safety applications, as proposed paydoainterpolator that utilizes PT symbols is described in owavpr

are much smaller than the maximum allowed FB size.

ous work [17]. The blockwise LMMSE interpolator achieves



FER performance close to the case with perfect CSI for 0.14 T
suitably chosen\/},. An LMMSE interpolator has two main
drawbacks, i) it relies on autocorrelation functions of the o.12}] .
underlying channels anf¥,, and ii) it involves operations on
large matrices and is not suitable for hardware implemimtat 0.10/] -
To demonstrate the hardware implementation feasibilitg
of the proposed pilot insertion scheme, we have chosen %)0.08
perform channel estimation using estimate and hold, ardtin 3
interpolation (described in the following subsectionshiai 0.06
are easily implemented in hardware.

M}, =16 NDBPSJFNM/EM
NpppsMp

A. Blockwise Estimate and Hold

. . 0.02 I I I i i I I i
In the blockwise estimate and hold (PT Hold) method, LS 0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000

channel estimates are computed at the PT symbol positions Nrp in byte
and are used as the channel estimates for the data sym't;
until the next PT is received. This is the simplest metho
for utilizing the PT symbols for improved channel estimatio

and it does not require additional buffering of receivedadakero padding in the SF and MF, denoted Nyr and Ny,
OFDM symbols. The estimate and hold channel estimates fespectively, are

the m'* OFDM symbol sandwiched between two consecutive

%I.S7. Overhead due to PT insertion

PT symbols with indicesn = I andm = J, respectively, are Nsg = Nsgrv + Nvmacu + Nrs + Ncre + NMeM,
given by Nyr = Nsp + (1 +Q + A) - (Npeps + Nuewm).
hlm,k] = hyg[l, k], Ym=I,1+1,---,J—1. (5) The additional overhead due to inserted PT symbols in an MF
is given by
B. Blockwise Linear Interpolation 0 — [MNur/Nogps | — [Nsr/Nppes]

In the blockwise linear interpolation (PT Linear) method, 5+ [Nsr/Nppes|
linear interpolation is performed between the two condeeut Where the constaritrepresents the number of OFDM symbols
PT symbols to obtain the channel estimates for the de&guivalentto the shorttraining, LT, and SIGNAL symbolseTh
symbols sandwiched between two consecutive PT symbd@¥ective bit rates of the SFs and the MFs denoteddy and
In contrast to LMMSE, linear interpolation has the advartag®mvr, respectively, are related d&r = (1 + O) Rur.
of not requiring the channel autocorrelation functionsh\éy. Fig. 7 shows the overhead due to PT symbols in the MFs
Linearly interpolated channel estimates for thé® OFDM for the MCS with QPSK and code raté/2. The curves
symbol sandwiched between two consecutive PT OFDM syfave been terminated when the length of the modified FB
bols with indicesm = I andm = J, respectively, is given exceeds the maximum allowed length @696 byte. The

by additional overhead due to inserted PTs is approximatalgleq
A A A to (Nppps + Nvewm)/ (Npeps M4 ) for long frames for which
him, k] = (1 — u)hys[I, k] + whps[J, K], (6) the overhead due to the ST, LT, and SIGNAL symbols is
- om—1 B negligible. The approximation is also shown in the figure. As
wherey = J—1 andvm =1, I+1,.--,J —1. seen from the figure, the overhead fof, = 16 and an FB

of approximately 400 byte varies between 6 and 8%. In other
words, the MF duration is 6 to 8% longer than the SF duration,
rgsulting in 6 to 8% lower spectral efficiency.

For the final block of M, OFDM symbols, the channel
estimates corresponding to the last PT are used.
Simulation results show that robust channel estimates ean
obtained using linear interpolation for carefully choskf}..
The PT Linear scheme requires the buffering of the received
data OFDM symbols sandwiched between two consecutive PTThe receiver described in Section IV for utilizing the
symbols. complementary training symbols has been implemented on the
hardware platform HIRATE. The architecture of the HIRATE
platform is shown in Fig. 8. HIRATE is based on a Gidel
C. Overhead Procstar Il evaluation board with four Altera Stratix FP&A
The PT symbols inserted in the MFs introduce additiong260E), which is extended by a custom made daughter board.
overhead and hence result in loss of spectral efficiencyr-OvReference clock (Ref. CLK), sample clock (Samp. CLK),
head due to PT insertion is a function df%g, M{ and the local oscillators (LOs), low noise amplifier (LNA) with down
MCS used. An MF consists ofl + @ + A) extra OFDM mixers, power amplifier (PA) with modulators, and low pass
symbols compared to the SF carrying same information pdiiters (LPFs) are designed as plug-on modules for placement
load. Hence, the total number of bits before the PHY layen the daughter board to allow flexibility in the system

V. HARDWARE IMPLEMENTATION



RX RX External X X External Commercial/ Channel Emulator Commercial/
Signal 1 Signal 2 Mixer Signal 1 Signal 2 Mod HIRATE 1 Ppropsim E8 [ HIRATE
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LO1 Mixer 1| | Mixer 2 LO 2 LO1 Mod 1 || Mod 2 LO 2 c | and
K T K j\ ontrol ani
T T T Logging PC
[ I
Ref. LPF LPF Fe LPF LPF i i
CLK ? Fig. 9. Measurement setup used for performing FER tests.
Etherne
I herr 1
Samp. RX RX X TX .
CLK || ADC1||ADC 2 DAC 1 || DAC2 before they are fed to the DAC. At the receiver, the output
(L= 1 ! i of the ADC sampled at 160 MS/s is filtered using an FIR
filter and then downsampled to 10 MS/s.
RX part Controller TX part . . . .
FPGA FPGA FPGA e LLRs are not quant|zeo_l in the computer simulations,
) ) T whereas LLRs are quantized to 16 bit before they are fed
el to the Viterbi decoder in the hardware implementation.

« Carrier frequency offsets are absent in the computer sim-
ulations since all the processing is done in baseband. The
same reference clock is used for the HIRATE transmitter
and receiver to reduce the carrier frequency mismatch.

Fig. 8. HIRATE architecture.

configuration. The output from local oscillators can be fed
to external down mixers and modulators. The daughter board
includes two 16 bit digital to analog converters (DACs) wath VI. NUMERICAL RESULTS AND DISCUSSION
maximum sampling rate of 250 MS/s and two 8 bit analog to Real time FER measurements have been performed by
digital converters (ADCs) with a maximum sampling rate ohterfacing HIRATE and commercially available 802.11p
500 MS/s. The transceiver analog chain is configured usiag ttnansceivers with a channel emulator. The measuremer setu
DACs, ADCs, and the plug-on modules. The DACs and ADUs shown in Fig. 9. The RF output and inputs of the transceiver
are interfaced with the TX and RX FPGAs, respectively, wheare connected to an Anite Propsim F8 channel emulator that
the baseband digital processing is performed. The platéam allows the emulation of multipath wireless channels witerus
be configured to operate in single input single output (SISO) defined power delay profiles (PDPs) and Doppler spectrums. A
2 x 2 multiple input multiple output (MIMO) mode using thecomputer interfaced with the emulator and the transceigers
plug-on modules. The platform is configured in SISO modgsed to configure the PHY layer parameters of the transegiver
in our implementation. Ethernet and PCle interfaces enaldentrol the channel emulator, and log the measurement data.
communication between FPGAs and a PC. The exact channel models used in the computer simulations
The design flow for implementing baseband processing \ere used to emulate the channels for hardware measurements
based on Altera DSP builder which allows graphical develhere might be some differences in the method and the pre-
opment and implementation of the baseband transceiveg usiision used by the channel emulator to emulate the channels.
Simulink and MATLAB. Altera DSP builder provides a library
of design elements in Simulink that can be used to build the channel Models
necessary signal processing algorithms.

: . .. Tapped-delay line channel models have been used to per-
Frame detection, frequency offset computation, and timing

, the tap gains are independent zero mean

; . complex Gaussian (Rayleigh distributed) with autocotiema
FER tests have been performed with the hardware impleq ~ion aJo(2m(v/M\)t), wherew is the relative speed be-

mentation and compared with computer simulations. AItHrDqueen the transmitter and the receivkris the wavelength of

the hardware implementation uses the same algorithms as;jg electromagnetic carrier wave of frequenty= 5.9 GHz,

the computer simulations, differences exist that creatésa My, is the power in thelth tap, and delay of théth tap is

match in the results. Some of the major differences betweleébresented by.
the computer simulation and the HIRATE implementation are: 1) Exponentially decaying PDP (EXPJthe power in the

« Signals in the computer simulations have a 64 bit widh tap for this model is given by, = Ke ™/™Ms | where
floating point representation, whereas the signals in thgys is the root-mean squared (RMS) delay spread of the
hardware implementation use fixed point representaticontinuous and infinitely long exponentially decaying PDP,
with varying bit widths. DAC and ADCs are not presenand K is the normalization factor such th@:f;ol ap = 1.
in the computer simulations, whereas HIRATE uses DAThe model consists of. = 15 taps spanning the delay
and ADCs of 16 and 8 bit, respectively. from 0 to 1.4 us with a tap spacing 0.1 us. The effective

« The computer simulations are performed in basebandR#S delay spread denoted bygrws is different frommgus
a sampling rate of 10 MS/s. In the hardware implementdue to truncation and sampling. An RMS delay spread of
tion, baseband samples at 10 MS/s are upsampled to X8Q;s = 0.4 us is used in the channel model, which results
MS/s and filtered using an FIR filter at the transmittein an effective RMS delay spread ofrms = 0.322 us. The



TABLE | all the FER results in this section correspond to this MCS.

PDPOF THEUMI CHANNEL. A frame is considered to be in error if the appended CRC
7 nns [ 0] 200 [ 300 | 700 | 800 | 900 chec_ksum does not agree with the checksum computed in the
aindB | 0| 27| -1.3| 43| 60| -80 receiver.
The signal-to-noise ratio (SNR) used in the FER perfor-
TABLE I mance plots is the average subcarrier SNR. The SNR for
PDPs AND DOPPLER PROFILES OFC2C CHANNELS. the measurements is estimated using the two received LT
Channel Fighway oS Urban Approaching Lo QFDM symbols, which contai2 subcarriers with da_ta or
7,inns | 0] 100 | 167 | 500 || 0 | 117 | 183 | 333 pilot symbols of equal energy. The average subcarrier SNR
oindB [0]-10] -15 | 200 | 8 | -10 | -15 for these cases is estimated using
foinHz | O | 689 | -492 | 886 || O | 236 | -157 | 492
Channel Crossing NLoS Highway NLoS
7, inns | 0] 267 | 400 | 533 || 0 | 200 | 433 | 700 E, 64 2{ o [y[0, k]2
a;indB | 0| -3 5 | -10|[0]| -2 5 7 N == | 7= 5 -1, (M
7oinHz | 0] 205 | 98 | 591 || 0 | 680 | 492 | 886 0/ frame 92 \ 5 2 pro ly[1, k] — y[0, k]|

for every detected frame and then averaged over all frames

EXP channel exhibits high frequency selectivity due to tht8 obtal_n ES/NO' For faimess, in the simulations used for
large delay spread. comparison with the hardware measurements, the SNR has
2) Urban Micro (UMi): In this channel model we use aalso been estimated using the same procedure. Note that (7)

simplified version of the urban micro (UMi) channel model® agtjﬁtpgz):\;vrzztéo{]hgr;\?vir If'rll'eoalf;lli/lmsp;r(rjlgglrft the channel is

d by 3GPP [22, Table 8.2-1], where the taps in edt .
proposed by [ av'e I, where the taps in ea ER performance tests have been performed for varying

cluster have been combined into a single tap with the agtgeg | .
power and the delays in a cluster are averaged to obtain [fne sizes since frames of length 2.00 FO 80(.) byte have been
entioned in the vehicular communications literature nkea

tap delay. The PDP of the simplified UMi channel model use{JH dv si : | | - -
for the FER measurements is shown in Table I. ody sizes approximately equal fps = 150, Nrp = 500,

3) Channels from Car-2-Car Communication Consortiur(gndNFB = 1000 byte have been chosen for our tests. Slightly

(C2C): Traffic scenario based V2V channel models based grept "a!””e sizes have pegn chosen for differgf to
\{P_ld insertion of a nonperiodic PT at the end of the frame

measurements have been developed in the Car-2-Car Comf , PR y

nication Consortium [23]. The PDPs of the channels and tﬁgc_h J_ha_tMS t': MP’ ]Y[[E - _1’ c?nd anF_adj|tlogal Pztz:t:r
Doppler frequencies of the taps are given in Table II. Lifie-oP€10dIC INSErLion IS not require (see Fig. 4). aram

sight and non line-of-sight are denoted by LoS and NLogf:curfrequ_ently in the discussion of the numerical resarfes
respectively. The paths at delay = 0 are static and the presented in Table IIl.

following paths have a Doppler profile with a single Doppler TABLE Il
Zre]guSl\r;l(l;iha;nsnpe?Cr‘lrifge:leV?/E:peqﬁ_l|I?hgi;ggsatréotltmhz \/Ea);l:ingFREQUENTLY OCCURRING PARAMETERS IN THE NUMERICAL RESULTS

Parameter Symbol
- Length of the frame bod N
B. Compatibility Test g . Y e
o ) ) ) n No. of OFDM symbols in an SF M
Qompat|b|llty of the MF with a standard receiver is verified No. of OFDM symbols in an MF M
using an off the shelf 802.11p transceiver whose higherrtaye No. of OFDM symbols between ./
are updated to allow insertion and removal of PTh sequences. periodically inserted PTs r
Relative vehicular velocity v

The off the shelf transceiver was able to decode MFs and
pass the data to the higher layers. The bits corresponding to . . .
the complementary training bits were removed from the packe Fg. ,10 shows the FER results obtained using computer
to retrieve the data. Also, MFs generated using the proposcéh@u'at'on,s for an MF withVrs :,147 byte using the EXP
algorithm were transmitted with the off the shelf 802.11 annel withw = 100 km/_h and Mp = 16. The block bgsed_
transceiver and the receiver implemented in HIRATE utdize MMSE_channeI est|mat|on_ method (BMMSE) described in
the complementary training bits to perform robust chann@}" Previous vyork [17] provides FER perf(_)rmance very close
estimation. The result of these tests verifies that the mego (0 the case with perfect CSI for an SF with safigp. The
scheme is compatible with the standard 802.11p transeeivel Hold channel estimation scheme that estimates the channe

with the additional requirement that a software/firmware uft the beginning of the frame using the LT OFDM symbols

date in the higher layers is able to remove/insert trainiitg b and uses it_ for the rest of the fram_e performs poorly due to
the highly time- and frequency-varying nature of the ch&nne

The PT Hold channel estimation technique provides improved
C. Frame Error Rate Measurements performance due to the periodic nature of the inserted PT
FER performance obtained with real time measuremerggmbols. The FER performance is further improved in the
and computer simulations are discussed in this section. Tdase of the PT Linear technique and the performance improves
MCS with QPSK mapping and code rate 1/2 [6, Table 18.4]ith increasing SNR. In contrast to the BMMSE method, the
is adopted for the safety applications [24, Sec. 5.3] andé&erPT Linear technique involves simple linear interpolatian a
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Fig. 10. Simulation FER results of SFs and MFs using differeimannel Fig. 12. Comparison of STA and CDP schemes with the proposéd M
estimation techniques in the EXP channel with relative aglar velocity using PT Linear scheme. Frames carry an FB of ledgiti; = 528 byte and

v = 100 km/h. Frames carry an FB of lengfiipg = 147 byte andM[, = 16 ~ M}, = 16 for the MF.

for the MFs.

1004

variation between them is approximately linear, the mean
squared channel estimation error in the PT Linear scheme is
dominated by the estimation error of the LS estimates at the
PT symbol positions and the error due to linear interpotatio
is negligible. As a consequence, the mean squared channel
estimation error does not reduce significantly whef} is
reduced froml6 to 4, and the FER performance does not im-
prove substantially. Therefore, we have uggg = 16 in the
experiments performed using the hardware implementation.
In Fig. 12, the performance of the CDP and the STA
F  schemes proposed in [9] and [8], respectively, have been
1 compared to the PT Linear scheme witlfij, = 16. For the
103 j | | | | | | STA schemepn = 2 and g = 2 is used [8]. The V2V urban
6 7 8 9 . /A}Oin o5 11 12 13 14 canyon oncoming channel model in [25, Table 2] is used and
e the frames carry an FB of lengtNyp = 528 byte. The FER
Fig. 11. Simulation FER results of MFs using PT Linear chams¢éimation of the SF with LT Hold scheme is close 1000 for all SNRs
scheme for different\/%, in the EXP channel withv = 200 km/h. and is not shown in the figure. As seen in the figure, STA and
CDP schemes show considerable performance improvement
over the LT Hold scheme. However, the performance of the
described in Section IV-B. The PT Linear estimation methddDP and STA schemes is far from the case with perfect CSI.
has been implemented on the HIRATE platform and will be thdoreover, both schemes are outperformed by PT linear. This
focus of the FER performance measured using the hardwarejuite obvious, as the STA and CDP schemes use SFs and,
implementation. in contrast to PT linear, cannot benefit from the extra pilots
The number of OFDM symbols between two consecutive R MFs.
symbols, M7, is a design parameter of the MF. Fig. 11 shows Fig. 13 shows the FER performance of MFs using PT Linear
the FER performance of the PT Linear channel estimati@hannel estimation in EXP channel. Frames carry an FB of
scheme for different values obf}, in EXP channel with length Npg = 147 byte andM] = 16. The results show
v = 200km/h. An SF with Nyg = 1004 byte corresponding that the FER performance of the HIRATE receiver follows
to M = 178 is transmitted, and the lengths of the correthe simulation results with an approximately constant SNR
sponding MFs areM’ = {227,204,190, 185,182,181} for offset. The output power of the channel emulator was varied
M} = {4,8,16,30,45,60}, respectively. The FER of theto obtain different SNRs and the SNRs used in the plot are
SF with LT Hold scheme is close tb for all SNRs and is the average measured SNRs according to (7). The frame de-
therefore not shown in the figure. The FER performance tdction algorithm, the sampling time algorithm, and thesfgt
the PT Linear scheme starts to degrade witli > 30 and implemented in the HIRATE transceiver are included in the
the FER is close td.00 for M}, = 60. As seen in Fig. 11, the computer simulations. Only the detected frames are coreide
FER performance does not improve substantially wiiéf for measuring the FER to exclude the influence of the frame
is reduced froml6 to 4. This is due to the fact that, whendetection algorithms on the FER performance. The diffezenc
the consecutive PT symbols are placed such that the charnndtER performance between the computer simulations and the
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Fig. 13. FER results of MFs wittNpp = 147 byte andM[, = 16 using PT Fig. 15. FER results of HIRATE receiver for MFs with/, = 30 and
Linear channel estimation in EXP channel. The measuredtsefallow the Npp = 1032 byte using PT Linear channel estimation in AWGN and C2C
simulation results with an SNR offset. The FER performarfce commercial channels (dashed curves). The simulation FER result of iSFsghway-LoS
transceiver using SFs is also shown. channel using LT Hold scheme is also shown.

10° T T T

Sim UM MY, = 16 and Ngg = 1004 byte in EXP and UMi channels
v = 200 km/h using PT Linear channel estimation. Similar to the resuits i
HIRATE: UMi Fig. 13, FER performance of the HIRATE receiver follows
v = 200km/h the simulation results with an approximately constant SNR
offset. Simulations and HIRATE measurements have also been
performed for MFs withM[, = 30 and the HIRATE results
follow the simulation results in a similar fashion (not inded
here). The commercial transceiver was not able to decode
SFs with the sameVgg in EXP and UMi channels with
v = 100km/h andv = 200 km /h.
HIRATE; EXP In Fig. 15, the FER performance of the HIRATE receiver for
v =200km/h 1 the MFs with M} = 30 and Ny = 1032 byte in AWGN and
107 =6 C2C channels using PT Linear channel estimati_on is shown.
F./No in dB The steeper slopes of the FER vs. SNR curves in case of the
C2C channels is due to the static nature of the= 0 tap.
Fig. 14. FER results of MFs with//, = 16 and Npg = 1004 byte using PT  The simulation result in highway LoS channel for SFs (with
Linear chan_nel es_timation in EXP and UMi channels. The measeesults the same FB size) using LT Hold channel estimation is also
follow the simulation results with an SNR offset. shown. In this case, the FER decreases slowly with SNR in
comparison to the HIRATE performance.
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hardware measurements is due to the differences discussed i
Section V. In the FPGA implementation, different signals at VII. CONCLUSION
different blocks of the transceiver have varying precisiand In this paper we have shown the hardware implementation
hence the performance of the algorithms suffers from varyifeasibility of the proposed cross-layered pilot scheme itsd
quantization effects. It is not straight forward to quaattitely compatibility with the standard 802.11 transceivers. hini@-
compute the effective degradation in FER performance dugpolation is chosen for channel estimation, since it élilg
to all the individual losses caused by quantization. All thignplemented in hardware. It is seen from the numerical tgsul
algorithms implemented in the hardware have to be reprrat a linear interpolation scheme in combination withalig
duced with the exact precisions in computer simulations agHosen separation between PT symbols delivers improved FER
compared with the measurements for fairness. Also, all therformance. More sophisticated channel estimation sekem
effects of analog components have to be included in thgth reasonable hardware implementation complexity that
computer simulations. This is not in the scope of our worlgtilize the inserted PT symbols can be implemented to farthe
The measured FER performance of a commercial 802.1ihgprove the FER performance.
transceiver in EXP channel is also shown in the figure as aThe proposed pilot insertion scheme is not specific to a
reference. The FER decreases slowly with SNR and thisdiannel estimation scheme and the complementary training
most likely due to the nonrobust channel estimation based @ymbols can be utilized by receivers using decision feedbac
LT symbols alone. or iterative decoding strategies to either improve the ey

Fig. 14 shows the FER performance of the MFs witbr reduce the complexity of these channel estimation sckeme



Layers above the MAC layer can decide the period of thes]
inserted PT symbols. As an example, safety critical message
or messages with higher priority could have higher pilot-den
sity and the density can be decided directly by the highearlay
application in the transmitter and adaptively communidate [16]
the receiver.

Compatibility of the proposed scheme allows the coexis-
tence of standard transceivers that are already deploykethan [17]
modified receivers that can exploit the complementary itngin

symbols to improve the performance.
(18]
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