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total bandwidth - many narrow subbands—>
- easy equalization in the frequency domain

B=KAf T=1/Af nt = FFT

Af<< I/Tmp, T<<1/Bd

Radio: WLAN,DAB/DVB, 4th generation cellular systems
Acoustic: single-carrier
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transfer function
of the channel
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‘pre-FFT: initial synchronization (acquisition, resampling)

‘post-FFT: phase tracking, channel estimation, data detection
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not enough observations to estimate the
channel in the frequency domain

t r: transmitter receiver goal: exploit frequency correlation
kn: subband. block in an optimal manner

received i‘9""" MT o 4 t J’Oﬁ(n)
Yk (n) = ElHk (Md(n)e™" +2,(n)
phase:

0,(n)=0,(n-1)+2ra’ (nN)f, T




| Data detection |
= d (n) = y (A (MIH (MH.()] 76, (n)

Doppler factor prediction/estimation

Idea: estimate Doppler factor; infer phase distortions in all subbands.
MIMO: a different Doppler factor may be needed for each transmitter.

Assuming an existing estimate of the Doppler factor, predict phase for current block:

0f(n)=0f(n-1)+2md (n-DET

Use this phase, existing channel, o obtain tentative data decisions;
update Doppler estimate, channel.
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transfer function

impulse response

K coefficients
(system parameter)

‘non-adaptive:

A 4

h/(n)

L(J) coefficients
(channel parameters)

each block detected independently, L pilots per block (L~BTmp)
performance same as frequency domain estimation with all K symbols known

-adaptive: ¥, (n) = H (e’ ™d, (n) + z,(n)

h(n+1) = Ah(n) + (1 - W)IFF Ty, (n)e ¥*™d" (n)]

note: channel may be “anti-causal”
insert, not append, zeros before FFT

J/L

L/K

- - MSE reduction




_ L: total multipath spread (contiguous taps [1/B])
J: number of significant taps

LA _j2nkl/K
Hk (n) — Z hl (n)e channel coefficients (MxMy)
|=—A

this model is crucial
for channel estimation

d,(n)0,(n)
: O, (n) = diag[6L (n),...,00' (n)]

Yo (n)
Y(n) = 5 Dy (n) =
Yi-1(n)

d,_,(n)9,_,(n)

J— diag[l,e_Jzn/K ..... e—jZn(K—l)/K]



full size model (L)

Y(n) = A(n)h(n) + Z(n) h(n) contains all coefficients
A(n) = [§_A e(n) ...... QL_I_ADG (n)] (KxML)

sparse model (J)

y(n) — é(n)b(n) + Z(n) h(n) only significant coefficients
é(n) = [§|1 De (n) §|J De (n)] (KxMJT)




Y(n) = A(n)h(n) + Z(n)
If all the data symbols are known, A(n) can be constructed (using phase estimates).

| LS estimate (one shot) |
h(n) = [A'(MAM)]T A (MY(n)  K=ML

~>for a given number of carriers K, at most K/M+ channel coefficients can be estimated
—>for a given channel span L, at least M{L observations are needed (per receiver)

If only pilot symbols are known, corresponding rows are extracted from Y(n), A(n), to
form a reduced set of observations (P= M+L).

..in either case, an ML inverse is required...



| Channel estimation: initial (LS) |
h(0) = [A'(0)A(0)] A'(0)Y(0)

Make full size initial estimate. Identify significant coefficients, if any (magnitude).
Note: the inverse can be pre-computed (phase estimates are zero at n=0). .

Chone estination: adapie|
B h(n) = Ah(n) + (1 - 2)[A'(NAM)]A'(N)Y(n)

Bh(n) = h(n-1)+pA'(n)[Y(n) - A(n)h(n —1)]

Switch to decision-directed mode, and continue to update (reduced-size) estimate.
Note: further sparsing can be performed before data detection.

Alg. 2 can be interpreted as:

-LMS for the in/out relationship Y(n)=A(n)h(n)+Z(n)

-Alg. 1 under stochastic approximation A'(n)A(n)*KT and with pu=(1-A)/K.

Note: this approximation is better justified if all K carriers, not only pilots, are used.







path gains

8-18 kHz

South of Martha's Vineyard, October 2008
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[N (5. 21:53)

1024 carriers, tx # 1 out of 3, QPSK/8PSK

phase estimates [rad]

1.5}

0.5}

0 5 10 15
block index

MSE-time [dB]

0
_5 L
_10 L
-15 : :
0 5 10 15
block index
MSE-frequency [dB]
0 T H H

0 200 400 600 800 1000
subcarrier index

channel estimates (magnitude)

delay [1/B]
4-PSK
M.=3 transmit elements (showing # 1)
MR:12 receive elements
K=1024 carriers, N=16 blocks
L=128 coefficients per channel (~13 ms)
A=20 coefficients before reference
J=128 significant coefficients )\

)

no sparsin “ \ “
P il "'\‘ v"

P= 0 pilot channels
u= 0.0005
overlap add: -3 ms, 7 ms

i

MSE=-5.9 dB, BER=0 w/BCH (64,10)
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| R/B = M/ (1+T,,B/K) symbols/sec/Hz | 2
K K
R/B< ~
h ek Lkil? L

T

frequency coherence: Af«1/T,, - L«K

Increasing M+ increases cross-talk between channels, size of the estimator;
MIMO channel estimation becomes more difficult.

Increasing K increases block duration (T=K/B), tracking becomes more difficult;
ICT arises.
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impulse response estimation = optimal exploitation of frequency correlation

phase, channel prediction = decision directed operation =>
=> low (ho) overhead; all symbols available for channel estimation.

adaptive algorithms:
# 1 requires matrix inversion—useful only in reduced-size (J).

# 2 does not require matrix inversion—can be run in full size too (L).




