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ABSTRACT

Sub-band adaptive OFDM modems are proposed
and their performance is investigated using blind
modem mode detection and turbo coding. Virtu-
ally error-free modem mode detection is achieved
over Gaussian channels for Signal-to-Noise Ratios
(SNR) in excess of about 10dB upon using one of
four modem modes, namely 0, 1, 2 and 4 bits /
symbol in each of the 16 subbands employed. The
system can be configured for maintaining arbitrary
target BERs, including virtually error-free commu-
nications, when adjusting the target number of bits
/ symbol transmitted.

1. ADAPTIVE OFDM MODEMS

Adaptive modulation was first suggested by Steele et al [1,
2] for exploiting the time-variant Shannouian channel ca-
pacity of fading narrowband channels. Further research was
conducted ou the topic for example at Osaka University and
the Ministry of Post in Japan by Sainpei et al [3], who in-
voked various channel coding and equalisation schemnes, in
order to optimise the system’s performance. This work also
led to the construction of a real-time test-bed. At CalTech
in the USA Chua and Goldsmith [4] proposed the concomi-
tant variation of both the modulation scheme and the trans-
mitted power. A range of practical problems were solved
by Torrauce et al at Southampton University [5, 6], etc.
Adaptive modulation was also incorporated in Orthogonal
Frequency Division Multiplex (OFDM) modems, in order
to adjust the number of modulation levels in accordance
with the chanuel’s frequency-domain transfer function, as
it has been suggested by Czylwik et al 7], Chow et al [8],
Rolling et al, Kammeyer et al and others [9].

The most straightforward framework for an adaptive
OFDM scheme is a Time Division Duplex (TDD) system
in a slowly varying reciprocal channel. Both the base and
mobile stations transmit an OFDM symbol in turn, and at
each station, the last received symbol is used for channel es-
timation in order to decide upon the modulation scheme to
be adopted for the next transmitted OFDM symbol. The
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channel estimation can be performed for example by us-
ing the known pilots in Pilot Symbol Assisted Modulatior
(PSAM). Here we initially assumed perfect knowledge ol
the channel transfer function during the received timeslot.

The modem mode of a given sub-band can be decidec
for example by comparing the average energy of the sub-
bands to the fixed thresholds of Reference [10], which were
optimised for serial modems in order to maintain a giver
target Bit Error Rate (BER). Initially we employed this
regime, while deciding for the modem mode to be used or
the basis of the lowest-quality subcarrier of a given sub-
band. This resulted in a somewhat couservative estimas
tion of the sub-band quality and modem mode, ultimately
yielding a lower BER than the original target value. Specifi
cally, the Signal-to-Noise Ratio (SNR) thresholds for a giver
long-term target BER were determined by Powell’s optimi
sation [10], assuming two uncoded target bit error rates: 1%
for a high data rate “speech” system, and 10™* for a higher
intergrity, lower data rate “data” system. The resulting
SNR thresholds lp...ls for applying a given modulation
scheme M, in a slowly Rayleigh fading chaunel for botl
the above 'speech’ and ’data’ systems are given in Table 1
The modulation scheme M, is selected, if the instantancous

10 A ) Iy
speech system | —oo | 3.31 | 6.48 | 11.61
data system —o0 | 7.98 | 10.42 | 16.76

Table 1: Optimised switching levels for adaptive modula;
tion over Rayleigh fading channels for the "speech” anc
"data” system, shown in instantaneous chanuel SNR [dB
(from [10]).

channel SNR exceeds the switching level [,.

An alternative scheme taking into account the non-
constant SNR values -y, across the N, subcarriers of a giver
sub—-band can be devised by calculating the expected overal
bit error probability for the given sub-band by averaging
the individual carrier SNRs for all legitimate modulatior
schemes Mp, yielding pe(Ma) = 1/Ny 3= pe(vj, Ma). The
scheme with the highest Bits per Symbol (BPS) through
put, whose estimated BER is lower than the required valuc
was then chosen. This algorithm allows the direct adjust
ment of the desired maximum BER, but the long-term bi
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error rate will be lower than the given threshold. The
system performance for the sub-band BER estimator al-
gorithm is portrayed along with our turbo channel coded
results in Section 3.

However, the receiver requires the knowledge of the mo-
demn mode used in all frequency bands. The higher the num-
ber of frequency sub-bands, the more the system benefits
from its adaptive nature, but a higher number of sub-band
modem modes has to be signalled to the receiver. In case
of a high number of sub-bands the number of modem mode
signalling bits may in fact preclude the employment of such
a regime, if explicit side-information is transmitted for sub-
band modem mode signalling. Hence in Reference [9] we
invoked a blind modem mode detection technique, which
did not require explicit mode signalling and operated on
the basis of estimating the SNR in all sub-bands.

By contrast, in this treatise we contribute in two areas,
focusing our attention on an improved algorithm related
to the blind detection of modem modes and on the effect
of error correction coding on the adaptive OFDM modem
performance.

The impulse response h(7,t) for our experiments was
generated on the basis of the symbol-spaced impulse re-
spouse shown in Figure 1(a) by fading each of the impulses
with a Rayleigh channel of a normalised maximal Doppler
frequency of f; = 1.235 - 1075, which corresponds to the
channel experienced by a modem transmitting at a carrier
frequency of 60 GHz with a sampling rate of 225 MHz and
a velicular velocity of 50 km/h. Explicitly, this channel
was that of a 310 Mbit/s half-rate channel coded Wireless
Asynclironous Transfer Mode (WATM) system. The fre-
quency domain channel transfer function H, corresponding
to the unfaded impulse response is shown in Figure 1(b).
Let us continue our discourse by considering our blind mo-
dem mode detection algorithms in the next Section.

2. BLIND DETECTION ALGORITHMS

Our blind detection algorithms aim to estimate the em-
Ployed modulation scheme directly from the received data
symbols, therefore avoiding the loss of data capacity due
to signalling the modem modes. Two algorithms have been
investigated, one based on geometrical SNR estimation, and
another one incorporating convolutional error correction cod-
ing.

2.1. Blind detection by SNR estimation

According to this blind detection technique the receiver es-
timates the sub-band modem mode by quantising the de-
faded received data symbols R./H, in the block to the
closest legitimate modulation symbol Rn.m for all possible
modulation schemes My, for each subcarrier index 7 in the
cwrrent sub-band. The error energy e,, between the re-
ceived symbol and the quantised symbol is evaluated for
cach legitimate modulation mode, as follows:

em = Z (Ii’..r,/I:I.1 —R,.,m)z

and the modulation mode My, which minimises ey, is cho-
sen for the demodulation of the block.

The modein mode detection error ratio (DER) of this
blind detection scheme was evaluated for a 512 subcarrier
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Figure 2: Probability of erroneous blind modulation scheme
detection for systems employing (Mo, A1) as well as for
(Mo, My, Ma, M4) for different block lengths in AWGN
channel.

OFDM modem in an AWGN channel, which is depicted in
Figure 2. If the four modulation schemes Afp-Af3 are cm-
ployed, then reliable detection of the modulation scheme is
only guaranteed for SNR. values in excess of 15-18 dB, de-
pending on the number of sub-bands per OFDM symbol.
If, however, only two modem modes, namely Ao and M, are
employed, then the DER is significantly improved. In this
case, SNR values in excess of about 5-7 dB are sufficient
to guarantee virtually errro-free detection. Let us now con-
sider a higher-complexity, but more reliable blind-detection
scheme.

2.2. Blind detection by multi-level trellis decoder

If error correction coding is employed in the system, then
the channel decoder can be invoked in order to estimate
the most likely modulation scheme in each sub-band. As
the number of bits per OFDM symbol is varying in this
adaptive scheme, and the error correction encoder’s block
length therefore is not constant, for our proof of concept we
have chosen a convolutional, rather than a block or turbo
encoder at the transmitter. However, the same principle is
applicable to the more complex and more powerful family
of iterative turbo codecs. Once tlie modulation schemes
to be employed in the various sub-bands are decided upon
at the transmitter, the convolutional encoder is invoked,
in order to generate a terminated convolutional code word
of the length of the OFDM symbol’s capacity expressed in
terms of bits. This OFDM codeword is modulated on the
OFDM subcarriers according to the different modulation
schemes for the different sub-bands, and transmitted over
the channel.

At the receiver, each received data subcarrier is demod-
ulated by all possible demodulators belonging to Mo-Ma,
and the resulting hard decision bits are fed into parallel
trellises for Viterbi decoding. Figure 3 shows a schematic
sketch of the resulting parallel trellis, if the following four
modem modes, namely M ... M, are employed for 16QAM
(My), QPSK (M), BPSK (A,), and “no transmission”
(Mo) for a convolutional code having four states, for ex-
ample. Each frequency-domain sub-band in the adaptive
OFDM scheme corresponds to oue of the four parallel trel-
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Figure 4: Probability of erroneous blind modulation scheme
detection using the proposed parallel trellis algorithm with
a I{ = 7 convolutional code over an AWGN channel.

lises, whose inputs are generated independently by the four
demodulators of the legitimate modulation schemes. The
number of transitions in cach of the trellises depends on the
number of output bits from the different demodulators, and,
as expected, the 16QAM (My) trellis contains four times
as many transitions, as the BPSK and “no transmission”
trellises. Since in case of “no transmission” no coded bits
are transmitted, the state of the encoder does not change.
Therefore the legitimate transitions for this case are only
the horizontal ones.

At sub-band boundaries transitions are allowed between
the samne state of all the parallel trellises. This is not a
transition due to a received bit, and therefore preserves the
metric of the originating state. Note that in the Figure the
possible allowed transitions are drawn only for the state 00;
all other states generate the equivalent set of transitions.
The initial state at the first block is 00 for all modulation
schemes, and, as the code is terminated by 00, the last
block’s terminating states are also 00.

The receiver’s decoder calculates the metrics for the
trausitions in the parallel trellises, and, once all data sym-
bols have been processed, it traces back through the parallel
trellis along the surviving path. This back-tracing com-
mences at the most likely 00 state at the end of the last
sub-band. If no termination was used at the decoder, then
the back-tracing would commence at the most likely one of
all the final states of the last block.

Figure 4 shows the probability of erroneous modula-
tion mode estimation for the parallel trellis decoder in an
AWGN channel for 16 and 8 sub-bands, if a convolutional
code of constraint length 7 is used. Comparison with Figure
2 shows considerable inprovements relative to the SNR-
estimation based blind detection scheme of Reference [9],
both for 16 as well as for 8 sub-bands. Higher sub-band
widths improve the estiination accuracy by a greater de-
gree, than it has been observed for the SNR-estimation
based blind detection algorithm of Reference [9]. A mo-
dem mode detection error probability of less than 1075 is
observed for an SNR value of 6 and 15dB, respectively. The
use of stronger error correction codes could further improve
the estimation accuracy, at the cost of higher complexity.
Lastly, we note that the spikes in the Figure around 6 and
11dB are due to opting for a higher-order constellation upon
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Figure 5: BER perfromance of OFDM modem in fading
time—-dispersive channel for both uncoded and turbo-coded
transmission. 8-iteration turbo decoder, 1000 bit random
interleaver, constraint length 3.

increasing the channel SNR, which then results in a slight
increase of the DER. Let us now consider the overall coded
system performance in the next Section.

3. SUB-BAND ADAPTIVE OFDM AND
TURBO CODING

The main advantage of the proposed coded OFDM scheme
is that the modem BER can be 'fine-tuued’ to a value, where
the full power of the error correction codec is exploited, but
not overloaded. Specifically, the employment of adaptive
OFDM modulation can reduce the modem’s BER to a level,
where channel decoders can perform reliably, since they are
not overloaded by the plethora of chanunel errors. Figure
5 shows both the uncoded and coded BER. performance of
a 512 subcarrier OFDM modem in the fading wideband
channel of Figure 1, assuming perfect channel estimation.
The channel coding employed in this set of experiments is
a turbo coder [11] having an interleaved data block length
of 1000 bits, employing a random interleaver and 8 decoder
iterations. The constituent recursive systematic convolu-
tional (RSC) encoders are of constraint length 3, with octal
generator polynomials of (7,5).

By contrast, Figure 6(b) depicts the BER and Bits per
Symbol (BPS) throughput performance of this turbo de-
coder employed in conjunction with the adaptive modem
for different adaptation algorithms. Figure G6(a) shows the
performance for the “speech” system employing the switch-
ing levels listed in Table 1. It can be seen that the channel
coding results in a halved throughput compared to the un-
coded case, but achieves error free transmission over the
channel for SNR values ncar 0dB.

Intuitive tuning of the adaptation parameteres can achieve
a better average throughput, while retaining error free data
transmission. Figure 6(b) shows the performance for the
same turbo decoder, with the adaptation algorithm em-
ploying the BER prediction method having aun upper BER
bound of 1%, rather than using the fixed thresholds of Ta-
ble 1. It can be seen that the higher allowed uncoded BER
when compared to Figure 6(a) leads to a significantly higher
throughput for low SNR values. The turbo decoder still
copes well with input BER values of up to 8%, resulting
in a coded data BER of less than 10™° for SNR values of
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Figure 1: Wideband channel (a) — unfaded symbol spaced impulse response (b) — corresponding frequency domain channel
transfer function
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Figure 3: Schematic plot of the parallel trellis for blind modulation scheme detection. In this example, a four-state 00-
terminated encoder was assumed. The dotted lines indicate the inter—block transitions for the 00 state, and are omitted for
the other three states.
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under 3dB, and no recorded error events for SNR values
above 6dB. Iu closing we note that the normalised Doppler
frequency plays an important role in determining the per-
formance of the adaptive OFDM modem, an issue, which
was demonstrated in Reference [9].

4. CONCLUSIONS AND FURTHER WORK

An OFDM transmission scheme employing subband-adaptive
modulation scliemes for transmission over slowly fading time
dispersive channels has been proposed. Two blind modula-
tion scheme detection algorithms have been compared and
the effect of turbo coding on the system’s BER and BPS
performance was quantified, confirming the advantages of
the proposed adaptive schemes.

5. ACKNOWLEDGEMENT

The financial support of Motorola ECID, Swindon, UK and
that of the European Commission in the framework of the
Median project is gratefully acknowledged. Sincere thauks
are also due to the EPSRC, UK and the Mobile Virtual
Centre of Exccllence, UK. The autliors are indebted fur-
thermore to the Median European Consortinm partners for
fruitful discussions oun a range of associated topics.

6. REFERENCES

(1] R. Steele and W. Webb, “Variable rate QAM for data
transmission over Rayleigh fading channels,” in Wire-
less, (Calgary, Alberta), pp. 1-14, IEEE, 1991.

[2] W.T. Webb, L. Hanzo: Modern quadrature ampli-
tude modulation: Principles and applications for fixed
and wireless channels, IEEE Press-Pentech Press, 1994,
ISBN 0-7273-1701-6, p 557

[3] H. Matsuoka, S. Sampei, N. Morinaga, and Y. Kamio,
“Adaptive modulation system with variable coding rate
concatenated code for high quality multi-media commu-

nications systems,” in 46'* Vehicular Technology Con-
ference, pp. 478491, IEEE, 1996.

[4] S.-G. Chua and A. Goldsmith, “Variable-rate variable-
power MQAM for fading channels,” in 46'* Vehicular
Technology Conference, pp. 815-819, IEEE, 1996.

[5] J. M. Torrance and L. Hanzo, “Latency and networking
aspects of adaptive modems over slow indoors rayleigh
fading channels.” to appear in IEEE Tr. on Veh. Techn.,
1998.

{6} J. M. Torrauce, L. Hanzo, and T. Keller, “Interference
aspects of adaptive modems over slow rayleigh fading
channels.” To appear in IEEE Tr. ou Veh. Techn.

[7] A. Czylwik, “Adaptive OFDM for wideband radio chan-
nels,” in Globecorn, (London), pp. 713-718, IEEE, 1996.

(8] P.S. Chow, J. M. Cioffi, and J. A. C. Biugham, “A prac-
tical discrete multitone transceiver loading algorithm
for data transmission over spectrally shaped channels,”
IEEE Trans. on Communications, vol. 48, pp. 772-775,
1995.

[9] T. Keller and L. Hanzo: Adaptive Orthogonal Fre-
quency Division Multiplexing Schiemes, ACTS’98, Rho-
dos, Grece, June 1998, pp 794-799

[10] J. Torrance and L. Hanzo, “Optimisation of switching
levels for adaptive modulation in slow rayleigh fading,”
Electr. Letters, vol. 32, pp. 1167-1169, 20th June 1996.

[11] C. Berrou, A. Glavieux, and P. Thitimmajshima, *Near
Shannon Limit Error-Correcting Coding and Decoding:
Turbo-Codes", Proc. ICC 1993, pp. 1064-1070




