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Background

* 2-11 GHz licensed and unlicensed systems may operate on
NLOS conditions, in which severe multipath is encountered.
Multipath delay spread is a major transmission problem, which
affects the design of modulation and equalization.

* Delay spread varies with environment and characteristics of
transmit and receive antennas. In typical outdoor non line of
sight operating conditions, average delay spread ~ 0.5 us, but2%
of measured delay spreads > approx. 5-10 us [Por00], [Erc99],
[Har00].

+ Corresponding intersymbol interference @ 10 Megasymbols/s
could span up to about 50-100 symbols.

Delay spread here is the total spread, (approximately 4-5 times the RMS delay spread).



A Multipath Example
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In this rather extreme example, intersymbol interference would extend over about 80 symbol
intervals. Situations like this will sometimes occur in broadband wireless systems which have a
symbol rate of say, 5 Msymbols/s, and which are deployed with omnidirectional or somewhat
directional antennas in suburban and urban environments [Erc99], [Por00], [Har00].



Alternative High Bit rate Modulation Approaches
for Severe Multipath

*  OFDM (Orthogonal frequency division multiplexing) - less
complex than conventional time domain processing [Sar95],
[McD96], but has a power backoff penalty [CimO00].

» Single carrier modulation, with receiver linear eqalization (LE) or
decision feedback equalization (DFE) in frequency domain -
approximately equal complexity to OFDM, without the power
backoff penalty [Sar95], [Cla98], [Tar00], [Van0Q].

* An adaptive receiver based on frequency domain processing
can handle both OFDM and single carrier modulation!
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*Process M-symbol blocks, with complexity ~ _ M log, M at both transmitter
and receiver (M typically about 5 to 10 times the max. expected delay spread).
*Nonadaptive OFDM has same bit rate on each subcarrier.

*Coding over all subchannels is essential to overcome frequency-selective
fades.

OFDM transmits multiple modulated subcarriers in parallel. Each occupies only a very narrow
bandwidth. Since only the amplitude and phase of each subcarrier is affected by the channel,
compensation of frequency selective fading is done by compensating for each subchannel s
amplitude and phase. OFDM signal processing is a carried out relatively simply by using two
fast Fourier transforms (FFT s), at the transmitter and receiver, respectively.

There are approximately log, M multiplies per symbol, counting both transmitter and receiver
operations. A variation is adaptive OFDM, where the signal constellation on each subchannel
depends on channel response at that frequency. It requires feedback from the receiver to the
transmitter. It is not commonly employed in radio systems due to complexity and to channel
time variations.In non-adaptive OFDM, coding and interleaving are essential to compensate
for subchannels which are severely attenuated.

Because the transmitted ODM signal is a sum of a large number (M) of slowly modulated
subcarriers, it has a high peak to average ratio, even if low level modulation like QPSK is used
on each subcarrier. While there are signal processing methods to reduce this ratio [Cim00],
[Tar00], [Van00], the transmitter power amplifier in a OFDM system must be backed off more
than that of a single carrier system. This is especially important for subscribers near the edge
of a cell, with large path loss, where QPSK modulation must be used; the increased power
backoff required in this situation for OFDM would increase the cost of the power amplifier.



Single Carrier with Frequency Domain
Equalization(SC-FDE) with Linear Equalization
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*The number of FFT’s and the total number of complex multiplies is the same as

for OFDM.

*The block length M and cyclic prefix are similar to those for OFDM.

The single carrier system transmits a single carrier, modulated at a high symbol rate.

Frequency domain equalization in a SC system is simply the frequency domain analog of what
is done by a conventional linear time domain equalizer. For channels with severe delay spread
it is simpler than corresponding time domain equalization for the same reason that OFDM is

simpler: because of the FFT operations and the simple channel inversion operation.

What is shown above is essentially conventional linear equalization, using a transversal filter

with M tap coefficients, but with filtering done in the frequency domain. The typical block

length M, suitable for MMDS systems, would be in the range of 128 to 1024, for both OFDM
and single-carrier FDE systems. There are approximately log, M multiplies per symbol, as in

OFDM.




OFDM and SC-FDE - Signal Processing
Similarities and Differences

OFDM :
Invert
CPI IFFT FFT >
—> —> —* Channel—> —> channel Detect
— Transmitter Receiver
SC-FDE:
Invert
—» CPI » Channel — FFT |—» channel_’ IFFT | Detect ™
Transmitter — Receiver

CPI: cyclic prefix insertion
FFT: fast Fourier transform
IFFT: inverse FFT

The main hardware difference between OFDM and SC-FDE is that the transmitter s inverse
FFT block is moved to the receiver. The complexities are the same. A dual-mode system could
be designed to handle either OFDM or SC-FDE by simply interchanging the IFFT block
between the transmitter and receiver at each end. (See the next slide).

Both systems can be enhanced by coding (which is in fact required for OFDM systems),
adaptive modulation and space diversity. In addition, OFDM can be incorporate peak-to-
average reduction signal processing to partially (but not completely) alleviate its high
sensitivity to power amplifier nonlinearities. SC-FDE can be enhanced by adding decision
feedback equalization or maximum likelihood sequence estimation.



Potential Interoperability of OFDM and SC-FDE:
- A “Convertible” Modem

Transmitter

To channel
CPI » IFFT i —
IFFT switched to transmitter for OFDM, switched to
receiver for SC-FDE
Receiver
From channel
Invert
IFFT < FFT
Detect channel

Comparable SC-FDE and OFDM systems would have the same block length and cyclic prefix
lengths. Since their main hardware difference is the location of the inverse FFT, a modem
could be converted as required to handle both OFDM and single carrier signals by switching
the location of the inverse FFT block between the transmitter and receiver.



Coexistence of OFDM and SC-FDE:
- Uplink/Downlink Asymmetry

Hub end:

CPI

.| IFFT L_, Channel _,|

Downlink OFDM transmitter at hub

e

Detect

la—|

Subscriber end:

FFT

Invert
channel

™ Detect

>

Downlink OF DM receiver
at subscriber

IFFT o] Vet | ' FFT l—Channel «— CPI

channel

Uplink SC receiver at hub

Uplink SC transmitter
at subscriber

This arrangement — OFDM in the downlink and single carrier in the uplink has two potential

advantages:

* Concentrating most of the signal processing complexity at the hub. The hub has two IFFT s

and one FFT, while the subscriber has just one FFT.

The subscriber transmitter is single carrier, and thus is inherently more efficient in terms of
power consumption, due to the reduced power backoff requirements of the single carrier mode.

This may reduce the cost of the subscriber s powe r amplifier.
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Block Processing in Frequency Domain
Equalization

» Data symbols {a,} are transmitted in blocks of (M+L) symboals,
with a cyclic prefix of length L> expected channel impulse
response length.

* Receiver processes blocks of M symbol intervals.

* Typically Mis 5to 10 times L.

» First and last L symbols may be training symbols.
Cyclic
-« . —
prefix <+——Block of M data symbols ——————*

Last L L
symbols symbols
repeated

1

The cyclic prefix (used in both SC-DFE and OFDM systems) at the beginning of each block
has two main functions:

o[t prevents contamination of a block by intersymbol interference from the previous
block.

*It makes the received block appear to be periodic with period M, which is essential to
the proper functioning of the fast Fourier transform operation.

oIf the first L and last L symbols are identical sequences of training symbols, the overhead
fraction is 2L/(M+2L).

*For either OFDM or SC-FDE MMDS systems in severe outdoor multipath environments,
typical values of M could be 512 or 1024, and typical values of L could be 64 or 128.
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SC-FDE With Linear Equalizer (FD-LE)

Process block of M samples at a time

Multiply {z,}
{rm} FET R} .| by coeff. . ™, Detect ﬁm}—>
> Wy IFFT
2

Inverse FFT

“

M—1 -
Linear equalizer (LE) output = z,,, = 7 20 W/R, exp(j Zﬁﬂfm)
Z:

M1 .21
where R, = Y rpexp(—j---(m)
m=0 M
FFT

ENTOr €y = Zm — @, (Minimize E(en%).)

Use cyclic prefix, as in OFDM.

*_Mlog,M + M + _Mlog,M = Mlog,M +M operations per block of M symbols (i.e. log,M +1
per symbol).

*A comparable time domain equalizer would do M? operations on a block of M (i.e. M per
symbol).



SC-FDE Decision Feedback Equalizer ( FD-DFE)

Symbol-by-symbol subtraction
of feedback components

Process block of M samples at a time — —
- o B Feedback taps {f,)
Multiply -
{7} FFT {R} .| by coeff. »IFFT Zn,| Detect | {2mt
W} *
Inverse FFT
~ )
1 M-1 . 2r *
DFEoutput =z, =— Y W,Ryexp(j —/m)— Y fram_i
M = M keFp

M-l 2n
where R, = Y1, exp(—j ﬁfm)

=0

FFT
Fg is a set of B feedback tap delays corresponding to the B largest channel

Impulse response postcursors.
Errore,, =z, —a,,. (Minimize MSE = E(l em‘ 2).)

Use cyclic prefix, as in OFDM.
*B would be much less than M and delay spread

*The main virtue of a DFE over a linear equalizer is its reduced noise enhancement for
severely frequency-selective channels. This results in superior minimum mean squared error
(MSE) performance.
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Parameter Optimization for Frequency Domain
DFE (for Known Channel {H,} and Noise

Variance ¢2)

For {H, £=0,1,.M-1} = channel frequency response, can show
MSE is minimized with:

* * 2mlk
Hy 3 feexp(=j =, =)
kefs 0=0,1,2,.M -1
‘H(‘ +62
f :—V_lv, where fy =1,
* * N
Yo Vg - Vkgy i Vky
vl a0 vk fe Tiy i v=| k2
Vkp1 Vo ka Vkp
1 M g2 2mtk
and vy =— ¥ ————exp(—j——) ke Fg={k,ky_ kp}
M Zo|H,f +o? M

Fgis a set of B feedback tap delays corresponding to the B largest channel
impulse response postcursors.

For a linear equalizer, only the first equation for the {#¥, } is relevant, with f;=1 and all other
/=0 . Itis approximately inverting the channel s frequency response.
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sThe forward channel frequency response for the linear equalizer has large gain at frequencies
where the channel gain is low. This enhances the noise power at these frequencies.

sThe 1-tap and 10-tap DFE s show less noise enhancement, especially the 10-tap DFE.

*The 10-tap DFE s fee dback filter response closely mimics that of the original channel. The 10
non-zero feedback tap delays are chosen to correspond to the largest channel response
postcursors.
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Training and Tracking Adaptation for SC-FDE

Downlink in continuous transmission mode:

[-=] [-=] [-=] [-=]
]
1

55555
55555
55555

Initial Tracking, using known training sequence
glamll(ng periodically inserted as a cyclic prefix
oc

Uplink in burst mode:

]
]
]
]
]
]
]
]

Known training
sequence

For FFT block length M and cyclic prefix length L, the fraction of training overhead in

continuous mode is L/(M+L). The fraction of training overhead in the burst mode is 2L/(M+2L).

E.g. for L=64, M=512, L(M+L) = 11%.

The channel impulse response can be estimated and tracked, and then converted to the
frequency domain, using correlation with the training sequence. During tracking, when the
training sequences are shorter than the FFT block length M, interpolation in the frequency
domain is used to extend the length to M. Channel tracking accuracy can be enhanced by using
decision-directed estimation. Analogous training, tracking and interpolation approaches can be
used for OFDM [Li00].
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Parameter Adaptation for Frequency Domain
DFE (for N>1 Training Blocks)

For N (N >2) training blocks of length M, with received samples
{r,ﬁ,”’; m=0,1,.M -1, n=12,.N},and known training symbols
{ag,;'); m=0,1,.M-1; n=12,.N}:

N * * 2nlk
S RMAM S fexp(-j )
n=1 ke Fp M

W, = 5 : 1=0,1,2,.M -1

s R
n=1

Adaptation can also be done by estimating the channel frequency response
over N training blocks as

N R(")
H[:i -
N =1 4y

, estimating the noise variance, and substituting in the expression for the
optimal parameters. This estimation can also be done in the time domain.

A,™ is the FFT of the overall training sequence. It is known and would be pre-computed. In
most cases, it would be the same for each block; i.e. 4,(" = 4, For a linear equalizer, f; = 1,
the rest of the {f,} are not computed. A good choice for a training sequence is a constant
amplitude zero periodic correlation (CAZAC), such as a Frank sequence [Fra62]. P-phase
Frank sequences, of length P2 PSK symbols, with zero periodic autocorrelation (and
corresponding flat frequency characteristic) can be constructed; e.g. 8 — phase sequence of
length 64. Arbitrary length codes can also be constructed [Chu72].
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Parameter Adaptation for Frequency Domain
DFE (for N>1 Training Blocks) (cont.)

f=—V’1v, where fj=1,

* * ]
Yo Vi - Vkpy fkl Vi
*
Vo Y Sk Vk:
v=| Yk 0 Tk f=[""2| v=| 2
vkg,] ) | ka Vkp
N
(n)* ,(n)
IR A (

M-I N
and Vk=A17Z D }A/‘(ﬁn)F_rﬂ

2nlk
B exp(—j —) ke Fgp={k,ky,..kp}
(=0| n=1 s }R(n)f M
0
n=1

M-l 21lm M1 . 21lm
R{" = Zor&”)eXp(—J ) and A" =73 afy) exp(-j =
=

m=0

where




Estimated Complexity for Equalization (Number

of Complex Multiplies Per Symbol)

FFT)

» Compare with|log,M +1

* log,M for FFT and inverse FFT

» plus (1+B) for decision feedback equalization.
+ | Total = log,M +1+B.
» For linear equalizer, B=0, and total=|log,M +1.

for OFDM (including transmitter inverse

The linear SC-FDE and OFDM have the same complexity.
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Estimated Complexity for Training (# Complex
Multiplies and Divides Per N Training Blocks of
M training Symbols Each)

« _NMilog,M to calculate {R,("}
*  2NM+ M+ _Mlog,M to calculate {v,}

« 5/2B?-5/2B+1to calculate {f,} using Levinson recursion.
* _Milog,M + M to calculate {W,}

+ |Total = (_N+1)Mlog,M + 2(N+1)M + 5/2B?-5/2B+1 complex
multiplies and divides.

» cf.|_NMlog,M + 2NM tor computing {W,} in OFDM

{4 M} would be pre-computed and stored.
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Multipath Channel Delay Spread Profiles Used
for Performance Evaluations [Har00]

Relative power

SuUI-2:
0dB, -3 dB, and -8 dB
Ricean-fading taps (K=5)

| Time (us
00.30.6 (ks)

Relative power
SUI-5:
0dB, -3 dB, and -5 dB
Rayleigh-fading taps ‘ |

Time (us)
0 4 11

Relative power

SUI-6:
0dB, -10 dB, and —12 dB
Rayleigh-fading taps

1 Time (us)
0 14 20
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Monte Carlo BER Comparison of Frequency Domain
Linear and Decision Feedback Equalization —SUI-6
Channel

SUI-6 channel, FFT block length= 512

wmn o0~ QOUVMX

10 i i i i
0 5 10 15 20 25
Avg. SNR (dB)

Conditions:

SUI-6 3-tap Rayleigh fading channel (K=0), with 5.2 us. rms delay spread, and echoes at 0,
14 and 20 us delays, with corresponding relative powers 0, -10 and —12 dB.

5 Mbaud QPSK single-carrier signal.
*Excess bandwidth rolloff=0.1.

«Linear equalization and forward DFE filtering done in frequency domain, using 512-symbol
FFT blocks.

*Equalizer performance calculated from min. mean squared error expressions, assuming
channel response and white noise variance are known (i.e. channel estimation and channel
dynamics not included). The curves result from Monte Carlo evaluation, with 10,000 channel
realizations per value of SNR.

DFE has one time-domain feedback tap, with delay equal to maximum multipath echo delay
in channel s impulse response.

*Matched filter bound corresponds to case of very low symbol rate, so there is no intersymbol,
interference. Curve closely follows theoretical expession, given in Proakis for 3-component
diversity with same SNR s as in SUI-6 model.
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10-3 BER Outage —SUI-6 Channel
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Monte Carlo BER Comparison of Frequency Domain
Linear and Decision Feedback Equalization —SUI-5

“Linear equalizer

Avg. SNR (dB)

o SUI-5 channel, FFT block length= 512
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10 LT
10° ~
5 10 15 20 25

SUI-5 3-tap Rayleigh fading channel (K=0), with 3.1 us. rms delay spread, and echoes at 0, 4

and 11 ps delays, with corresponding relative powers 0, -3 and —5 dB.
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10-3 BER Outage —SUI-5 Channel
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Monte Carlo Performance Comparison of
Frequency Domain Linear and Decision
Feedback Equalization —SUI-2 Channel

SUI-2 channel, K=5, FFT block length= 512, K=5

WMI —O0~ PQUWX

FB tap)

Matched filterbound

5 10 15 20 25
Avg. SNR (dB)

«Rician fading, with K=5 on each tap. 3 taps with 0, 0.3 and 0.6 us. delays, and corresponding
relative powers of 0, -3 and —8 dB. RMS delay spread=0.2 s.



10-3 BER Outage —SUI-2 Channel

SUI-2 channel, K=5, FFT block length= 512 , K=5
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SUl6, 1 Rx ant., uncoded performance
QPSK, roll-off = 0.1
1.E-01
1.E-02
=y
~—
- —— FD-DFE
oM -
1.E-04 = =
 OFDM
1.E-05 ‘
- n N\
5 10 15 20 . .
Average SNR

*Monte Carlo BER performances of frequency domain equalizers over multipath Rayleigh
fading:

1.”°**Frequency domain linear equalizer (FD-LE)
2.°"**Frequency domain decision feedback equalizer (FD-DFE) without decision errors

3.°***Matched filter bound (MFB), representing the ultimate (hypothetical) ideal performance
assuming perfect capturing of multipath energy and no loss due to intersymbol interference
(IST)

4.°**Uncoded OFDM performance also provided in the first 4 figures
«Channel Model: SUI6 with Rician factor K=0 (i.e., Rayleigh) for all paths. No diversity

«Simulation conditions: QPSK with 0.1 roll-off, 10,000 fading channel realizations, 512 point
FFT, quasi-static fading, no channel estimation errors. Sufficient number of feedback taps
(feedback filter is as long as the channel span). The BER for each channel realization is
computed using analytical formulae.

*BER is given as a function of the per-branch SNR averaged over Rayleigh fading.

*Uncoded OFDM results are obtained by averaging the BERs on individual tones. Since each
tone is a complex Gaussian random process regardless of the channel model, the overall
performance for any delay profile is the same as the BER averaged over flat Rayleigh fading
(so, we can also regard the uncoded OFDM results as the flat fading performance for any
system).
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SUIB, 2 Rx ant., uncoded performance
QPSK, roll-off = 0.1
1.E-01
1.E-02
1.E-03 —FD-LE
% . X - ——FD-DFE
m -
1.E-04 - MFB
OFDM
k \ —
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SUI-6 with 2-branch diversity.
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SUI-6 with no diversity, and rate _ convolutional coding, 64 states.

30



1.E-01

1.E-02

1.E-03

BER

1.E-04

1.E-05

1.E-06

SuUl6, 2 Rx ant., rate 1/2 conv.coding
QPSK, roll-off = 0.1

-

&

T

10

\\\5 20

A&erage SNR
\\

25

_——FD-LE

_———FD-DFE

_——MFB

30

SUI-6 with 2-antenna diversity, and rate _ convolutional coding.
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Summary and Conclusions

* For severe multipath, single carrier QAM with simplified frequency-
domain equalization performs at least as well as OFDM (better for
uncoded systems).

* Frequency domain linear equalization has essentially the same
complexity as uncoded OFDM, with better performance in frequency
selective fading, and without OFDM’s inherent backoff power penalty.

» A “convertible” frequency domain receiver structure can be
programmed to handle either OFDM or single carrier.

*  Downlink OFDM / uplink single carrier may yield potential complexity
reduction and uplink power efficiency gains relative to downlink OFDM /
uplink OFDM.

ot is not surprising to see that all the single carrier frequency domain equalizers outperform
OFDM in an uncoded case. The equalizers automatically exploit the so-called inherent or

built-in multipath diversity (also called frequency diversity). OFDM can exploit multipath or
frequency diversity only through coding across the tones.

Performances for SUI-2 and SUI-6 are similar (slightly better for SUI-6 because of the higher
degree of frequency selectivity).

Jn the uncoded case, FD-DFE outperforms FD-LE by about 2 to 4 dB (at BER below 0.001)
without diversity. The gap increases with average SNR because of the noise enhancement
effect. Conversely, when thermal noise is more dominant, the FD-LE will try less to invert the
null, thereby causing less noise enhancement.

*With diversity, the performance difference between FD-DFE and FD-LE is reduced to about
0.8 to 1.8 dB. Two effects interplay to reduce the difference: (i) MMSE diversity [Cla98] i.e.,
the receiver automatically sets antenna weights to either provide diversity gain or reduce ISI,
depending on which gives the smaller mean-square error outcome. (ii) With diversity, the
receiver achieves the desired BER at a lower average SNR, and therefore the noise
enhancement effect described above is less significant.

*From the above finding, it is suspected that the gap between FD-DFE and FD-LE
performances should also be reduced when coding is used (again, because with coding, the
receiver operates at a low SNR range and this should result in lower noise enhancement). The
coded performance verify this point. As you can see, even without diversity, FD-LE performs
only about 1 dB worse than FD-DFE.
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Summary and Conclusions (cont.)

» Linear FD (FD-LE) equalization is slightly simpler than FD-DFE
equalization, and approaches it in performance, especially for
coded systems with space diversity. FD-DFE is an option which
does not affect the transmitted air interface.

* The considered equalizer techniques can be combined with
spatial arrays at transmitter and/or receiver.

sTime-domain linear equalizers with finite numbers of taps are usually not recommended for
wireless channels, due to frequent occurrences of delayed paths with approximately equal
power (resulting in deep spectral nulls) and the inability for finite taps to completely cancel
such delayed paths. However, FD-LE effectively synthesizes an infinite-length filter (a pole
filter), making it more suitable to handle channels with deep spectral nulls.

ot appears that FD-LE is sufficient for MMDS, especially when combined with space diversity
or powerful coding. We can add FD-DFE as an option in the proposal (note that its presence or
absence would not affect the transmitted air interface, but is an option for the manufacturer).
FD-LE has the following significant advantages:

*1.°°°"Tt performs within about 1 dB of FD-DFE performance when coding is used. The 1-dB

improvement does not seem to justify the added complexity for implementing a feedback filter.

With FD-LE, the overall complexity is exactly the same as OFDM, i.e., MlogM +M.

<2.°°°*Bear in mind also that the FD-DFE performance assumes correct feedback. In reality,
the best way to minimize error propagation in FD-DFE involves using soft and delayed
decisions [Ari98] This complicates the receiver and precludes interleaving within each block.
And after all is said and done, it is likely to result in a deficit (the loss due to error
propagation is likely to be greater than the 1-dB improvement achieved by ideal FD-
DFE).

3. A FD-DFE with one feedback tap is simple and may be an attractive option for gaining
several dB in performance over the FD-LE.

*Another advantage of single carrier is that channel estimation can be done in time-domain
with only a training sequence as long as the channel span [Ari98a], excluding the cyclic prefix.
So, the overhead is quite low.
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