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© (57) Abstract: The present disclosure relates to a method to introduce complementing training symbols into a 802. l ip OFDM frame

in vehicular communications, wherein a transmitter sends encrypted information from a first unit to a receiver of a specific second
unit or a respective receiver of a number of second units and wherein fixed training symbols, which are implemented in a transmitter

o chip, are multiplexed with the information and transmitted to the receiver for channel estimation at the receiver side. In order to im
prove channel estimation complementing training symbols are inserted at the transmitter side immediately after an LLC sub-layer,

o where the LLC sub-layer is software defined and can be modified. It also relates to a receiver for exploiting the inserted comple -
menting training symbols in order to improve channel estimation in 802. 11 p OFDM vehicular communications, which is arranged
to reproduce the complementing training symbols inserted in accordance with the method.



Method to introduce complementing training symbols into a 802.1 p OFDM frame in

vehicular communications

Field of the invention

This invention is in general related to wireless communication and in particular to vehicular

communication using 802.1 1p. More specifically the invention is related to a method to

introduce complementing training symbols into a 802.1 1p Orthogonal Frequency-Division

Multiplexing (OFDM) frame, wherein a transmitter sends encrypted information from a first

unit to a receiver of a specific second unit or a respective receiver of a number of second

units and wherein fixed training symbols, which are implemented in a transmitter chip, are

multiplexed with the information and transmitted to the receiver for channel estimation at the

receiver side.

Background of the invention

IEEE 802.1 1p has been chosen as the standard for vehicular communications, which is

identical to the widely used 802.1 1a. In 802.1 1p a default channel spacing of 10MHz is

proposed as opposed to the commonly used 20MHz spacing in 802.1 1a to provide better

protection against longer delay spreads. It has been shown in "C. Mecklenbrauker, A.

Molisch, J. Karedal, F. Tufvesson, A. Paier, L. Bernado, T. Zemen, O. Klemp, and N. Czink,

"Vehicular channel characterization and its implications for wireless system design and

performance," Proceedings of the IEEE, vol. 99, no. 7, pp. 1189-1212, 201 1." and "T.

Zemen, L. Bernado, N. Czink, and A . Molisch, "Iterative time-variant channel estimation for

802.1 p using generalized discrete prolate spheroidal sequences," IEEE Transactions on

Vehicular Technology, vol. 6 1, no. 3 , pp. 1222-1233, 2012.", that the length of the cyclic

prefix (CP) and sub-carrier spacing satisfy the design guidelines of an OFDM system for the

measured vehicular channels (values of delay, Doppler spreads). However, the training data

in 802. 11p originally designed for 802. 11a is designed for relatively static devices and indoor

use. In vehicular communications large vehicular velocities, dynamic environment, and long

packet sizes of around 400 bytes mean that the channel impulse response can change

significantly within one OFDM frame, see e.g. "L. Bernado, T. Zemen, F. Tufvesson, A.

Molisch, and C. Mecklenbrauker, "Delay and doppler spreads of non-stationary vehicular

channels for safety relevant scenarios," IEEE Transactions on Vehicular Technology, no. 99,

2013." . Robust channel estimates for the whole frame are required for ensuring desired low

Frame Error Rates (FER) for traffic safety application.

To address the high frame error rate due to non-robust channel estimation, solutions using

iterative methods and post-ambles have been proposed by "T. Zemen, L . Bernado, N. Czink,



and A . Molisch, "Iterative time-variant channel estimation for 802. p using generalized

discrete prolate spheroidal sequences," IEEE Transactions on Vehicular Technology, vol. 6 1,

no. 3 , pp. 1222-1 233, 201 2."

To the best of authors' knowledge the MAC and PHY layer functionalities of an 802. 11p

transceiver are implemented in the chip and the layers above them are software defined

which can be modified with a software update. Also, since 802. 11p uses outside the context

of a basic service set communication, encryption and authentication are not performed by the

MAC layer. As a consequence the data from the layer above the MAC layer enters the PHY

layers unchanged with the addition of headers and CRC-32 checksum of fixed lengths.

SYSTEM MODEL AND 802. 11P FRAME STRUCTURE

The physical layer of 802. 11p uses orthogonal frequency-division multiplexing (OFDM) with

N = 64 subcarriers and a CP of length N Cp = . Among the 64 subcarriers, 48 are allocated

for data, 4 are allocated for pilots and 2 are null subcarriers. A channel spacing of 10 MHz

results in OFDM symbol duration of TS YM = µ ε which includes a cyclic prefix of 1.6 /vs.

802. 11p standard supports eight different modulation and coding schemes, see e.g. ""IEEE

standard for information technology-telecommunications and information exchange between

systems local and metropolitan area networks-specific requirements part 11: Wireless LAN

medium access control (MAC) and physical layer (PHY) specifications," IEEE Std 802. 11-

2012, pp. 1-2793, 201 2 ., Table 18.4"; the scheme with QPSK mapping and code rate 1/2 is

adapted for the safety applications and is important to take into consideration.

The known encoding process of an 802. 11 OFDM symbol is illustrated in Fig . 1, which

illustrates a block diagram of an 802. 11p transmitter. Data bits are scrambled and encoded

using a rate V , ( 17 18,1338) convolutional code. Higher coding rates are achieved using

puncturing. The encoded bits are divided into groups of N CBPS bits, where N CBPS is the

number of coded bits per OFDM symbol. Bits in each group are interleaved using a two

stage interleaver. The interleaved bits are mapped to the constellation C resulting in complex

valued symbols. The complex valued symbols and the pilots are mapped to the data

subcarriers and the pilot subcarriers of an OFDM symbol, respectively. Following which, an

A/-point inverse Discrete Fourier Transform (DFT) is performed to obtain time-domain signal

and a cyclic prefix of N Cp samples is added to form an OFDM symbol. For specific details of

the various blocks in the transmitter the readers are referred to ""IEEE standard for

information technology-telecommunications and information exchange between systems

local and metropolitan area networks-specific requirements part 11: Wireless LAN medium

access control (MAC) and physical layer (PHY) specifications," IEEE Std 802. 11-201 2 , pp.

1-2793, 201 2.", Ch. 18".



Assigning the data symbol positions to the set 2) and the pilot positions to the set ,

the frequency-domain symbol mapped to the kth subcarrier in the mth OFDM symbol

is given by

S[m,k] = D[m,k] + P[m,k]

where D[m,k] and P[m,k] are the data and the pilot symbols respectively at the kth

subcarrier in the mth OFDM symbol, such that P[m,k] = 0, V[m,k] and D[m,k] = 0, V[m,k]

≡ . The time-domain samples obtained after the /V-point inverse DFT is given by

s[m,n] = IDFT (S[m,k])

Consider the wireless channel with a discrete-time impulse response given by

where is the complex path gain of the th tap, τ is the delay of the /th tap and L is the total

number of taps. Assuming that the maximum excess delay of the wireless channel is shorter

than the length of the cyclic prefix and the channel impulse response does not change during

transit time of one OFDM symbol, the received samples of the mth OFDM symbol after

discarding the CP can be expressed as

r[m, n] = s[m, n] N h[n] + w[m, n],

Where is the /V-point circular convolution, w[n] are independent and identically distributed

(iid) time-domain complex AWGN samples with zero mean and variance . The frequency-

domain symbols carried by the sub-carriers after the /V-point DFT operation at the receiver

are given by

R[m, k] = DFT (r[m,n])

Rfm, k] = H[m, k]S[m, k] + W[m, k]

where, H[m, k] is the channel frequency response at the k h sub-carrier of mth OFDM symbol

and W[m, k] are the frequency domain complex AWGN samples with mean zero and

variance . The IDFT and DFT operations are suitably scaled to preserve the energy of the

signal.

Since the vehicular channels are time varying, the channel impulse response varies within

one OFDM symbol resulting in inter carrier interference (ICI) which is not included in the



above described model. However, the effect of C introduced due to channel variations

within one OFDM symbol on the performance of the system is small and is neglected.

A. 802. 1 1p Frame

Fig. 2 shows a standard 802.1 1p frame in subcarrier-time grid showing the position of the

pilots and the data symbols. A frame begins with two identical OFDM symbols referred to as

long training (LT) symbols. SIGNAL symbol carries the information regarding the length of

the packet and the modulation and coding scheme used. SIGNAL is always encoded using

the rate V2, (171 8,1338) convolutional code without puncturing and uses BPSK signaling.

SIGNAL field is followed by the OFDM symbols corresponding to the data. A sequence of 0

identical short symbols spanning over duration of 2TSYM is prefixed to the frame (not shown in

the figure), this sequence is used at the receiver for signal detection and synchronization.

The number of OFDM symbols in the standard frame beginning with the two LT symbols is

denoted as M.

A generic non-iterative receiver for decoding the 802.1 1p frames is shown in Fig. 3 . Perfect

frequency and sampling synchronization is assumed. The CP of the OFDM symbol is

discarded and an N-point DFT is performed to obtain the frequency domain symbols. The

frequency domain symbols are input to the channel estimation block. The channel estimation

block uses the received symbols and the inserted pilot symbols to obtain the channel

estimates H[m,k] for the whole frame. Channel equalization is performed using a Minimum

Mean-Square Error (MMSE) equalizer; the output of the equalizer is given by

R[m,k]fi * [m,k]
S|m,k] = J -

+ |fl[m, k]|

The equalized symbols S[m,k] are then input to the chain of demodulator, deinterleaver,

decoder, and descrambler.

Objects

The object with the invention is to avoid the channel estimation problem in a vehicular

communication system using an 802.1 1p transceiver.

Summary of the invention

The objects are obtained by the invention defined in the enclosed claims.

According to the invention use of cross layered approach is made to insert complementing

training bits into the data packet in the higher layers. A modified receiver can use these



known complementing bits for improved channel estimation using well established channel

estimation methods. A standard receiver sees the complementing bits as part of the data and

passes it to the higher layers, where the complementing bits can be removed. A standard

receiver requires a simple software update in the higher layers to discard the complementing

data, making our scheme backward compatible with the added requirement of a software

update. We also show an implementation of the receiver which makes use of the inserted

training bits for robust channel estimation. A modified packet with inserted training bits can

be indicated by using the reserved bit in the SIGNAL field of the 802.1 1p frame.

More specifically a method to insert complementing training symbols in the standard 802.1 1p

frame in the higher layers is proposed and a receiver for the resulting modified frame is

described. Simulation results show that the combination of the proposed modified frame and

the receiver gives FER performance which follows the performance of the standard receiver

with perfect channel estimates in parallel without saturation with increase in SNR.

Safety related applications are being widely tested using software defined radio

implementations of 802.1 1p. The modified frame and receiver according to the invention can

be easily implemented starting from the 802.1 1p implementations.

The results show that periodically inserted OFDM training symbols in an 802.1 1p frame can

provide good FER performance with a non iterative receiver and as a consequence such a

pattern of training data can be a possibility for the future revisions of 802.1 1p for vehicular

communications.

This is provided through a method to introduce complementing training symbols into a

802.1 1p Orthogonal Frequency-Division Multiplexing (OFDM) frame in vehicular

communications, wherein a transmitter sends encrypted information from a first unit to a

receiver of a specific second unit or a respective receiver of a number of second units and

wherein fixed training symbols, which are implemented in a transmitter chip, are multiplexed

with the information and transmitted to the receiver for channel estimation at the receiver

side, and in order to improve channel estimation the complementing training symbols are

inserted at the transmitter side immediately after an logical link control (LLC) sub-layer,

where the logical link control (LLC) sub-layer is software defined and can be modified .

The provision of complementing training symbols provide for improved Frame Error Rate

(FER) performance and makes close to perfect channel estimation obtainable.



According to a second aspect is provided that training bits of the complementing training

symbols are inserted in a Frame Body data unit before passing it down to a medium access

control (MAC) sub-layer.

The provision of inserting the complementing training symbols in a Frame Body data unit

before passing it down to a medium access control (MAC) sub-layer provides for a backward

compatible scheme where a standard receiver requires a simple software update in the

higher layers to discard the complementing data whereas a new receiver can make use of

the inserted training bits for robust channel estimation.

According to a third aspect is provided that training bits of length Λ/DBPS equal to the number

of data bits corresponding to a complete Orthogonal Frequency-Division Multiplexing

(OFDM) symbol are inserted periodically in the frame to minimize an overhead of termination

and insert training data.

The provision of inserting training bits of length V D B PS equal to the number of data bits

corresponding to a complete Orthogonal Frequency-Division Multiplexing (OFDM) symbol

periodically in the frame provides for minimizing the overhead of termination and insert

training data which facilitates robust channel estimation for the frame.

According to a fourth aspect is provided that one complementing training symbol is inserted

after the periodically inserted training bits.

The provision of inserting one complementing training symbol after the periodically inserted

training bits provides for sufficient complementing training symbols for the final OFDM

symbols.

According to a fifth aspect is provided that the training bits inserted in the logical link control

(LLC) sub-layer are scrambled at the physical (PHY) layer by a scrambler initialized with a

pseudo-random seed.

The provision of scrambling the training bits inserted in the logical link control (LLC) sub-layer

at the physical (PHY) layer by a scrambler initialized with a pseudo-random seed enables

reproduction of the inserted complementing training symbols at a receiver side.

According to a sixth aspect is provided a receiver for exploiting the inserted complementing

training symbols in order to improve channel estimation in 802.1 p Orthogonal

Frequency-Division Multiplexing (OFDM) vehicular communications, which is arranged to

reproduce the complementing training symbols inserted at the transmitter side in

accordance with the above method .



The provision of a receiver arranged to reproduce the complementing training symbols

inserted at the transmitter side in accordance with the above method provides for

improved Frame Error Rate (FER) performance and close to perfect channel estimation.

According to a seventh aspect is provided that the receiver is arranged to use the

reproduced complementing training symbols for channel estimation.

The provision of using the reproduced complementing training symbols for channel

estimation provides for improved Frame Error Rate (FER) performance and close to

perfect channel estimation.

According to an eight aspect is provided that a pseudo-random scrambler seed used to

initialize the scrambler at the transmitter side is used for reproducing the complementing

training symbols.

The provision of using a pseudo-random scrambler seed used to initialize the scrambler at

the transmitter side for reproducing the complementing training symbols provides for

correct reproduction of the inserted complementing training symbols at a receiver side.

Brief description of the drawings

In the following, embodiments herein will be described in greater detail by way of example

only with reference to attached drawings, in which

Fig 1 shows a block diagram of a 802.1 1p transmitter.

Fig 2 shows a standard 802.1 1p frame in subcarrier-time grid showing the position of the

pilots and the data symbols.

Fig 3 shows a block diagram of a generic non iterative receiver for 802.1 1p frame.

Fig 4 is a diagram showing the flow of data bits from LLC sublayer to the physical layer.

Fig 5 shows an 802.1 1p frame modified according to the invention in subcarrier-time grid

showing the position of the pilots and the data symbols.

Fig 6 is a diagram showing the insertion of training bits after the LLC sublayer.

Fig 7 shows a LMMSE channel estimator for the modified frame.

Fig 8-1 are diagrams showing different comparisons between a modified 802.1 1p frame and

the standard 802.1 p frame.



Fig. 12 illustrates the procedure to insert training bits.

Still other objects and features of embodiments herein will become apparent from the

following detailed description considered in conjunction with the accompanying drawings. It is

to be understood, however, that the drawings are designed solely for purposes of illustration

and not as a definition of the limits hereof, for which reference should be made to the

appended claims. It should be further understood that the drawings are not necessarily

drawn to scale and that, unless otherwise indicated, they are merely intended to conceptually

illustrate the structures and procedures described herein.

Detailed description of preferred embodiments

In this section the proposed modified frame and its encoding process is described. The flow

of the data from the logical link control (LLC) sub-layer to the PHY layer is shown in Fig. 4 .

The LLC sub-layer outputs a data unit referred to as Frame Body (FB) of length N B . Frame

Body is passed to the MAC sub-layer, which adds a MAC header of length N ACH = 288 bits

and a CRC check sum of length N CRC = 32 bits computed over the MAC header and the

Frame Body to form a data unit referred to as PSDU. In the OFDM PLCP sub-layer, a

SERVICE field of N SERV = bits, a TAIL of N EM = 6 zero bits and padded zero bits are

added to form the DATA unit of the OFDM frame. Since the MAC sub-layer in 802. 11p does

not perform any encryption, the location of the Frame Body bits in DATA unit can be

determined. The insertion of the complementing training bits to form the modified packet is

performed immediately after the LLC sub-layer, under the assumption that the LLC sub-layer

is software defined and it can be modified. The training bits are inserted in the Frame Body

data unit before passing it down to the MAC sub-layer.

As illustrated in Fig. , the bits entering the PHY layer are passed through scrambler,

convolutionai encoder and interleaves These blocks modify the input bit stream and as a

consequence the resulting inserted training symbols in the modified frame are influenced by

these blocks.

The training bits inserted in the LLC sub-layer are scrambled at the PHY layer. Since the

scrambler is initialized with a pseudo-random seed, the training bits inserted in the upper

layers are modified in a manner unknown to the LLC layer. However, the pseudo-random

sequence used to initialize the scrambler is estimated at the receiver. The scrambler seed

estimated at the receiver in combination with the training data bits inserted at the transmitter

can be used to determine the output of scrambler at the transmitter.

The rate V2, (171 8,1338) convolutionai encoder has a memory of N MEM = 6 bits, as a

consequence a bit output from the convolutionai encoder is a function of 6 previous input bits



and the input bit. To insert known training bits into the frame, the convolutional encoder is

terminated in a known state before the training bits are input to the convolutional encoder.

The resulting output bits are determined by the termination state and the input bits. Inserting

a known training sequence of any length into the frame requires 6 complementing bits. Also

the encoded bits are interleaved modifying the positions of the bits input. To minimize the

overhead of termination and insert training data which facilitates robust channel estimation

for the frame, we insert training bits of length N DBPS equal to the number of data bits

corresponding to a complete OFDM symbol periodically in the frame. Inserting a complete

OFDM training symbol requires the convolutional encoder to be terminated in a known state

only once resulting in smaller overhead. A complete OFDM symbol as training similar to the

LT symbol has the advantage of measuring the frequency selectivity across the bandwidth if

the multi-path components of the wireless channel have changed significantly since the LT

symbol.

Fig.5 shows an example of the modified frame with periodically inserted OFDM training

symbols. The inserted OFDM symbols will henceforth be referred to as pseudo training (PT)

symbols and the number of OFDM symbols between two periodically inserted PTs as MP,

which is the design parameter of a modified frame. As shown in the figure, the separation

between the LT symbols and the first PT denoted as M ' can be larger than MP due to the

insertion of the MAC header and SERVICE fields by the layers below the LLC sublayer. Also,

depending on the length N FB the frame in the end may consist of several OFDM data

symbols less than MP after the periodically inserted PTs and result in less training symbols

for these final OFDM symbols. To overcome this problem one complementing PT is inserted

after the periodically inserted training. The separation between the final periodically inserted

PT and the complementing PT is denoted as M^. Since the CRC and the TAIL bits are

appended to the end of the frame by the PHY layer, the frame will consist of OFDM

symbols after the final PT as shown in the figure. is determined by N FB , ' , and the MCS

used. The number of OFDM symbols in the modified frame beginning with the two LT

symbols is denoted as M'.

To insert PT training symbols as shown in Fig. 5 a binary vector of length NMEM + NDBPS

denoted as PTb is chosen. The first NMEM bits of the sequence terminate the encoder in the

known state and the rest of the NDBPS bits correspond to one OFDM training symbol. To

ensure that the inserted bits result in a complete OFDM symbol as shown in the figure, the

insertion has to be performed at specific positions taking into consideration the interleaver

and the other fields added. Since, the scrambling is done in a random fashion unknown to

the LLC sublayer the choice of bits in PTb cannot be optimized. For BPSK and QPSK



modulation all choices give the same performance. The procedure to insert training bits is

described and illustrated in Fig. 12 and Fig. 6 . The procedure is valid for any of the MCS

specified in ""IEEE standard for information technology-telecommunications and information

exchange between systems local and metropolitan area networks-specific requirements part

11 Wireless LAN medium access control (MAC) and physical layer (PHY) specifications,"

IEEE Std 802.1 1-2012, pp. 1-2793, 2012., Table 18.4".

All the existing 802.1 1p systems can transmit the modified packet without undergoing any

change in the MAC and PHY layers.

The modified 802.1 p frame consists of inserted PT symbols along with the training symbols

available in the standard 802.1 1p frame. The available training symbols can be used in more

than one way to obtain the channel estimates for the whole frame.

A receiver configuration for exploiting the inserted PT training symbols is described. The

receiver has the structure similar to the generic receiver shown in Fig. 3 with soft

demodulator and soft input Viterbi decoder. Perfect frequency and time synchronization is

assumed. The frequency domain symbols obtained after the DFT operation are input to the

channel estimation block that outputs the channel estimates for the whole frame. The soft

demodulator outputs log-likelihood ratios (LLR) of bits. The LLR values are deinterleaved and

input to the soft-input Viterbi decoder.

The channel estimation block is split into several sub-blocks for simplicity as shown in Fig. 7,

which shows a LMMSE channel estimator for the modified frame. In the first step LS channel

estimates of the two LT symbols are computed and averaged to get less noisy estimates.

The scrambler seed used to initialize the scrambler in the transmitter is necessary for

reproducing the inserted PT symbols at the receiver side. The first 7 bits in the SERVICE

field correspond to the scrambler initialization. The first several DATA OFDM symbols are

equalized with the available LS estimates and the SERVICE field is decoded using Viterbi

decoding with trace back. The number of uncoded data bits in the first DATA OFDM symbols

chosen for decoding the SERVICE field must be larger than at least five times the constraint

length requirement stated in literature to ensure reliability. Using the estimated scrambler

seed, PTb binary sequence and period of insertion the inserted frequency-domain

training symbols in PTs are generated using the same procedure as at the transmitter.

Subsequently, the LS estimates at the LT, comb pilots and PT positions are computed and

input to the LMMSE estimator. The LMMSE estimator computes the channel estimates for all

the positions in the frame using the LS estimates and the channel correlation matrices. The

LMMSE channel estimates are input to the MMSE channel equalizer.



The least square (LS) estimates of the channel frequency response at pilot positions are

given by'O. Edfors, M. Sandell, J.-J. van de Beek, S. K. Wilson, and P. O. Borjesson, "OFDM

channel estimation by singular value decomposition," in IEEE 46th Vehicular Technology

Conference, vol. 2 , 1996, pp. 923-927. " .

R[m,k]
Hp[m,k] = , V[m,k] e T

P[m,k]

The computed least square estimates are arranged in a column vector HP and the channel

estimates for the frame are computed using LMMSE interpolation as in "O. Edfors et al."

above

where H is the vector of channel estimates at desired positions, P is the diagonal matrix of

the pilot symbols; HpHp = E {HP Hp1} is the auto-correlation matrix of HP and R HHp =

E {HHp } is the cross-correlation matrix between H and HP. The elements of the correlation

matrices are obtained from the channel correlation function

rH [m,m + Am,k,k + Ak] = E{H[m,k ]H * [m + Am,k + Ak]},

where Am and Ak are the OFDM symbol and subcarrier separation between the positions for

which the correlation is being computed. Under the assumption that the channel is wide-

sense stationary with uncorrelated scattering (WSSUS), the correlation function is separable

and can be written as

rH [m,m + Am,k, k + Ak] = rt (Am)r (Ak)

where r and r f are the correlation functions in time and frequency domains, respectively.

The autocorrelation functions can be estimated using the LS channel estimates at pilot

positions or theoretically derived from the underlying channel model.

A . Blockwise MMSE channel estimation

Performing the LMMSE interpolation for the whole frame using the above method requires

multiplication with large autocorrelation matrices, whose sizes are proportional to the length

of the OFDM frame. To reduce the complexity LMMSE interpolation can be performed block-

wise. In the block-wise approach, symbols including and between two PTs are considered as

a block. LMMSE interpolation for the block is performed by only considering the LS channel

estimates available in that block. This approach reduces the size of the correlation matrix



considerably and the size of the correlation matrix becomes proportional to size of the block.

The reduction in complexity is achieved at the cost of a small degradation in channel

estimation in comparison to LMMSE interpolation over the whole frame.

B. Blockwise decoding

In a standard 802. 11p OFDM frame, the frame is terminated with six zero bits for the decoder

to terminate in a known state, this enables in decoding the bits at end of the frame reliably.

The positions of the inserted training bits in the modified frame are known at the modified

receiver and can be used as initial bits and terminating bits of a convolution decoder. This

facilitates in decoding the frame in blocks. For decoding the data bits between two PT

sequences, the last 6 bits of the preceding PTb sequence serve as the initial bits and the first

6 bits of the following PTb sequence serve as the termination bits. Since the CRC check sum

is calculated for the frame including PT sequences at the transmitter, the known PT

sequences are multiplexed with the block decoded data bits to form the whole frame for

which the added CRC checksum is valid.

Since more bits are decoded with known termination and known bits corresponding to PT are

inserted, the overall frame error rate (FER) performance improves in comparison to

continuous decoding with trace-back or decoding the whole frame with single termination. It

has been observed in the simulations that the block-wise decoding offers performance gain

in terms of FER.

The performance of the modified 802. 11p frame with the described receiver is evaluated

using computer simulations and compared with other receiver configurations decoding the

standard 802. 11p frame. FER is the focus of our simulation results since it is one of the most

important performance metrics for safety related applications. A frame is considered to be in

error if the appended CRC checksum does not agree with the check sum computed at the

receiver. Modulation and coding scheme with Gray-coded QPSK and code rate 1/2 is used in

all the simulations.

The PT training symbols are inserted periodically in the modified frame and the choice of the

period is important. Ideally the spacing between the training symbols should be proportional

to the coherence time of the wireless channel. However, the safety applications require the

802. p frames to be broadcast meaning that a transmitted frame reaches several receivers

through different channels with different channel impulse responses and relative velocities.

The period of PT symbols M ' can be fixed or made adaptive in which case the transmitter

chooses the period and includes it in the transmitted frame. Currently unused bits in the

SERVICE field can be used to convey MP to the modified receiver.



The channel measurement results in "L Bernado, T. Zemen, F. Tufvesson, A. Molisch, and

C. Mecklenbrauker, "Delay and doppler spreads of non-stationary vehicular channels for

safety relevant scenarios," IEEE Transactions on Vehicular Technology, no. 99,

201 3." show that the coherence time of the vehicular channels can be as low as 80 and

this value can be much lower in case of higher relative vehicular velocities. A spacing MP = 8

DATA OFDM symbols is used between PT training symbols corresponding to a separation of

64 µ for all the simulations unless otherwise mentioned. First 3 DATA OFDM symbols are

used to estimate the scrambler seed.

Wireless channel is modeled using exponentially decaying power delay profile (PDP) and

Rayleigh fading with Jake's Doppler spectrum for each multi-path component.

The FER results are plotted against Es / N0 , where Es is the average energy of the frequency

domain symbols S[m, k] and N0/2 is the power spectral density of the channel noise such that

N = . The rate of the frequency domain symbols S[m, k] does not depend on the MCS

used, the length of the frame, or if the transmitted frame is standard or modified. Hence, Es is

proportional to the received power with the same proportionality constant for all MCSs, frame

lengths or the type of the frame.

The effect of the overhead introduced by the pilot symbols and cyclic prefix is considered as

loss in spectral efficiency. Fig. 8 illustrates effective bit rates of the standard and the modified

802. 1 p frames with different spacing between the PTs. Fig. 8 shows the effective bit rates of

the standard and the modified frames for the MCS 3 i.e. , QPSK with rate 1/2 convolutional

code. The effective bit rate is calculated as the ratio of the number of bits in the Frame Body

to the total time duration of the frame in seconds.

In the simulations the length of the frame body is NFB = (146 8) bits, which results in a

standard frame (SF) of M = 35 OFDM symbols and a modified frame (MF) of M' = 39

OFDM symbols. The modified frame contains one data OFDM symbol after the final PT at

end of the frame. The channel estimates of the final PT are used for equalizing the final data

OFDM symbol.

Fig . 9 shows the FER performance of the standard and modified 802. 11p frames with

different receiver configurations. The channel is modeled with relative vehicular velocity v =

100 km/h and exponentially decaying PDP with rms = A s. Frames carry a FB of length

N B = (146 8)bits. Relative vehicular velocity v = 100 km/h and exponential decay PDP with

root mean square (rms) delay spread ms = 0.4 are used for the simulations. Block LS

receiver that makes use of the LS channel estimates of the first two LT symbols for decoding

the standard frame (LTLS) has the poorest performance. The frame MMSE receiver for the



standard frame (SFMMSE) makes use of all the known symbols in the frame for MMSE

channel estimation and provides an improved FER performance in comparison to the Block

LS method. The frame MMSE with block decoding receiver for the modified frame

(MFMMSE) is close to the performance of standard frame with perfect channel estimates

(Perfect CSI). The low complexity block MMSE with block decoding receiver for the modified

frame (MBMMSE) has slightly higher FER compared to the frame MMSE receiver. To

summarize, inserting pseudo PT symbols and using them efficiently can improve the FER

performance significantly and performance close to perfect channel estimation can be

obtained.

Fig. 10 illustrates the FER of standard and modified 802. 11p frames for different packet sizes

and relative vehicular velocities using block LMMSE channel estimation with block decoding.

The channel is modeled with exponentially decaying PDP with rms = 0.4µ . In Fig. 10 the

FER performance of the modified frame with different packet lengths and relative vehicular

velocities is shown. The rms delay spread of rms = 0.4 is used for all the simulations.

Block MMSE channel estimation with block decoding receiver configuration is used for

obtaining the results. From the figure it can be observed that the FER performance of the

modified packet does not saturate for long packets and high vehicular velocities due to the

periodic nature of the inserted PT symbols.

Fig. 11 illustrates the FER of standard and modified 802. 11p frames. The channel is modeled

with relative vehicular velocity v = 100 kmph and exponentially decaying PDP with rms =

0.4µ . Frames carry a FB of length NFB = (146 8)bits. The effect of longer PT separation or

decoding the MF with a standard receiver is seen in the FER curve. Fig. 11 shows the FER

results when (i) a modified frame is decoded with SFMMSE, i.e. , when the PTs are not used

for channel estimation (circles). The loss in performance is due to the fact that modified

frame is longer than the standard frame for the same length of FB; (ii) a too large MP

(Mp' = 16) is chosen. A larger separation of PTs results in higher MSE of the channel

estimation and drastic degradation in FER performance can be seen from the figure

(squares) compared to P' = 8.



Claims

1. Method to introduce complementing training symbols into a 802.1 1p Orthogonal

Frequency-Division Multiplexing (OFDM) frame in vehicular communications,

wherein a transmitter sends encrypted information from a first unit to a receiver

of a specific second unit or a respective receiver of a number of second units

and wherein fixed training symbols, which are implemented in a transmitter chip,

are multiplexed with the information and transmitted to the receiver for channel

estimation at the receiver side,

characterized in that in order to improve channel estimation the complementing

training symbols are inserted at the transmitter side immediately after an logical

link control (LLC) sub-layer, where the logical link control (LLC) sub-layer is software

defined and can be modified .

2 . A method according to claim 2 , characterized in that training bits of the

complementing training symbols are inserted in a Frame Body data unit before

passing it down to a medium access control (MAC) sub-layer.

3 . A method according to claims 2 , characterized in that training bits of length / BPS

equal to the number of data bits corresponding to a complete Orthogonal Frequency-

Division Multiplexing (OFDM) symbol are inserted periodically in the frame to minimize

an overhead of termination and insert training data.

4 . A method according to claim 3 , characterized in that one complementing training

symbol is inserted after the periodically inserted training bits.

5 . A method according to any one of claims 3 - 4 , characterized in that the training bits

inserted in the logical link control (LLC) sub-layer are scrambled at the physical (PHY)

layer by a scrambler initialized with a pseudo-random seed.

6 . A receiver for exploiting the inserted complementing training symbols in order to

improve channel estimation in 802.1 1p Orthogonal Frequency-Division Multiplexing

(OFDM) vehicular communications, characterized in that it is arranged to reproduce

the complementing training symbols inserted at the transmitter side in

accordance with the method of any one of claims 1 - 5 .



A receiver according to claim 6 , characterized in that the receiver is arranged to use

the reproduced complementing training symbols for channel estimation.

A receiver according to any one of claims 6 - 7, characterized in that a pseudo¬

random scrambler seed used to initialize the scrambler at the transmitter side is used

for reproducing the complementing training symbols.
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