A NOVEL FEEDFORWARD NOISE SHAPING FOR WORD-LENGTH REDUCTION

Mohamed Ibrahim Bin Yang Andreas Menkhoff
Institute of Signal Processing and System Theory, Intel Mobile Communications,
University of Stuttgart, Germany Munich, Germany
ABSTRACT ble is desired. The resulting high noise level would, howeve

In thi t | hto sh th distort the spectrum of fferent downlink signals like speech
n this paper, we present a nove! approach 1o shape the quagy ., ., nication, WLAN, Bluetooth, GPS signal etc. In this

tization noise during word-length reduction. In companiso case, it is highly desirable to have a flexible noise shaper to

o the traditional feedpack noise shaping, our approach Blace multiple frequency notches of varying width and depth
feedforward and thus inherently stable. It can achieve on order to mask the quantization noise spectrum and not to
or multiple frequency notches in the quantization noisespe distort the downlink signals

trum with controlled notch width and notch depth while i . )
keeping the out-of-band noise level lower than the feedback The paper is organized as follows. After a short review of
noise shaping. Results from a digital communication examt€@dback noise shaping in Section 2, we present our feedfor-

ple demonstrate the performance of this new noise shapin§jard noise shaping in Section 3. Section 4 shows some noise
method. shaping results for a communication example and compares

o ] ] the new approach against the old one.
Index Terms— quantization, noise shaping, feedforward

noise shaping

1 INTRODUCTION 2. FEEDBACK NOISE SHAPING

With the growing shrinkage of digital circuits [1], more and Fig. 1 shows a traditional feedback noise shaping during dig
more analog components are being replaced by digital one#al word-length reduction. The high-resolution signdih]
Their size and energy consumption are directly relatedeo that discrete timen is quantized resulting in the low-resolution
bit resolution (word length) of the digital signal [2]. Redu signaly[n]. The quantization errag,[n] is extracted from the
ing the word length will reduce the size and energy consumpguantizerQ, filtered by a noise shaping filtét(w), and then
tion, but increase the quantization noise. In order to @bntr added back ta[n]. Without noise shaping, the quantized sig-
the noise level, sigma-delta converters have been widelgt us nal has an added quantization noggfn] which has typically
[3, 4]. They are oversampled converters because the sara-flat spectrum [3]. By using the noise shaping in Fig. 1, we
pling rate is much higher than the Nyquist frequency. In high obtain
bandwidth applications, it may be impossible to increase th
sampling rate further and, thus, fiieient Nyquist convert- Y(w) = X(w) + (1 + H(w))Eq(w), 1)
ers are used [5]. For a long time, feedback noise shaping has
been used in order to move quantization noise from criticavhereX(w), Y(w), Eq(w) are the Fourier transform of the cor-
frequency bands to others. However, theyfaufrom limit  responding time signalgn], y[n], eq[n], respectivelyH(w) is
cycles [6], high out-of-band (out of desired frequency Bandthe frequency response of the noise shaping filter. The shape
noise and dficulty to adapt to dferent spectrum shaping re- quantization noise[n] has thus the Fourier transform
quirements.

In this paper, we propose a novel noise shaping approach _ _ _
by adding small corrections to the quantized signal in oraler E(@) = ¥(0) = X(@) = (1 + H(@)Eq(w). &)
achieve one or multiple frequency notches in the noise shape ) ) ]
signal. It results in a feedforward (and thus inherentipigta ~ BY choosing a suitable filte (), the flat spectrum ofq(w)
and adaptable noise shaper with controlled notch width an@@n be shaped.
notch depth while keeping the out-of-band noise level lower Note that any noise shaping will increase the total noise
than the traditional feedback noise shaper. energy of the shaped signgln]. A reduction of the noise

One potential application is noise shaping during word{evel inside a desired frequency band will always lead to an
length reduction in the transmitter of a digital communimat increase of the noise level outside the band, the so called ou
system. In order to minimize the size and energy consumptioaf-band noise. Thus noise shaping is a controlled nonumifor
of the transmitter, a word-length reduction as much as possspread of total noise energy over frequency, see Fig. 3.
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whereEn(w) is the Fourier transform af[n] calculated from
samples until time only. Givenwo, €[], En-1(wo),

c[n] = —En-1(wo)e" — ey[n] (®)
would eliminateE,(wo) completely. Considering the con-
Fig. 1. Traditional feedback noise shaping straint (5), the best choice ofn] is
c[n] = Qqo(~En-1(wo)e’" — e[n]) ©)

3. FEEDFORWARD NOISE SHAPING

where the quantizeDg, (z) maps a complex valugto its near-
est neighbor subject to (5). Putting this non-perfect aiioe

In Fig. 1, we see that the noise shaping is done by addingignalc[n] back into Eq. (7) results in a non-zero residual
a correction signah[n] = e;[n] to the high-resolution signal ValueEq(wo) whichis then used in Eg. (9) to calculafe+1].
X[n]. In our approach, we propose to add a correction signal

to the low-resolution signal[n], thus avoiding the feedback.

3.1. Basicidea

3.3. Minimization of out-of-band noise

[Q]

H—yln] In order to place a frequency notch while minimizing the out-

of-band noise at the same time, the total energy of the additi
correction signat[n] should be as small as possible. For this
purpose, we impose the more restrictive constraint

z4[n]

Wo

Frequency
Monitor

Fig. 2. Principle of feedforward noise shaping

c[n]

C[n] € {—QOs Os QO} (10)

instead of Eq. (5).

Fig. 2 shows the basic idea of our feedforward noise shap- Up to now, we have only presented the basic feedforward
ing. x[n] is the original high-resolution signalxg[n] is the  noise shaping algorithm which is able to place only one notch
quantized low-resolution signady[n] = Xg[N]—x[n] isthe un-  Below we extend this basic idea to a more general and adapt-
shaped quantization error with the least significant bitg).S able feedforward noise shaper with a controlled notch width
Qo. Based orgy[n] and the notch frequenayy where we need  notch depth and even multiple controlled notches.
to place a notch in the spectrumefn], we calculate a suit-
able correction signai[n] and add it toxg[n] resulting in

yIn] = xq[n] + c[n] = X[n] + e[n] + c[n] = X{n] + €[n]. (3)

3.4. Control of notch width

The received downlink signal can havetdrent bandwidths.

The dfective quantization noise after noise shaping is For example, WLAN has a larger bandwidth than Bluetooth.
_ So it would be useful to have an easy method to control the
elnl = e[n] +cnl. @) idth of the notch.
Clearly, in order to guarantee thgn] has the low-resolution In the traditional feedback noise shaping, the notch width
of LSB qp as well, the correction signaln] must be an inte- is fixed for a given noise shaping filtét(w). The only way
ger multiple ofq: to change the notch width is to use d@éient noise shaping
. . filter, say a notch filter of 4th order instead of 2nd order.un o
cn=i-qo, i€z 5)

case, the notch width can be controlled easily by changiag th
c[n] is then chosen such to minimize the magnitude of thérequency of corrections, i.e. how oftefn] = 0. We will see
Fourier transfornE(w) of e[n] at w = wp subject to Eq. (5):  later that the less often the corrections, the smaller thehno
) width. We can control the frequency of corrections by seglin
oo |E(wo)l- (6)  the exact correction value in Eq. (9) by a notch width factor
0 < B < 1. The correction signal in Eq. (9) then becomes

3.2. Calculation of the correction signal ;
9 oIl = QqB(-En1(wo)e™" — ). (1)

In order to calculate the correction sigrefh], the frequency
monitoring block in Fig. 2 should be able to upd&ug) on  The smalleis is, the smaller the value insid@q,() and the
a sample-by-sample basis. For this purpd)) is calcu- larger the probability ot[n] = 0. This implies less often
lated time recursively corrections and a narrower notch. Tuning the parangter
n control the notch width without changing the circuit of feed
_ ~jwol _ ~jwon forward noise shaper is thus much easier than calculating a
En(wo) = Z e[l]e” " = Eq-1(wo)+(eg[n]+c[n]) € () ewfilter for the feedback noise shaper.

|=—c0
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3.5. Control of notch depth width and depth parametefs;, 4}, and the amount of word-

The signal-to-noise ratio (SNR) of the downlink signal islength reduction.

known to vary in time and space forftrent communica-
tion protocols. Sometimes the downlink signalaat has a 4. SIMULATIONS AND RESULTS

low SNR. Then we need to cancel the frequency component ) ) .
E(wo) as much as possible, which in turn increases the outD order to compare dierent noise shaping algorithms, we

of-band noise. In other situations, the SNR of the downlink'€€d & metric to measure the overall increase of noise energy
signal is high and the notch does not need to be so deep. THREIOW we use the signal-to-quantization-noise-ratio ($QN
has the advantage of a smaller out-of-band noise. Comuolli ¥ for comparison:

the depth of the notch is thus a useful instrument to control

the out-of-band noise and to achieve a desired compromise v [dB] = 10 |0910(
"deep notch vs. low out-of-band noise".

In the traditional feedback noise shaping, a control o
the notch depth is dlicult because it requiresftiérent noise
shaping filterdH(w). In our proposed approach, we can con-
trol the notch depth by simply tuning a second parameterr,
the notch depth factor & A < 1. This factor is used in the
recursive calculation dEp(wo)

En(wo) = AEn-1(wo) + (&g[n] +c[ne " (12)

ZaInD? )
Znn] = xn))?/*

f\Ne distinguish between twoftierent values:
e vp: SQNR with feedback noise shaping
e y¢: SQNR with feedfoward noise shaping
e largery, the lower the overall increase of noise energy.
For the sake of comparison, a second order FIR(2) notch
filter is used for feedback noise shaping:

(16)

1+ H(w) = 1 - 2cosfug)e 1 + 721, (17)
instead of Eq. (7). By choosing @ 2 < 1, the correction

valuec[n] cancels only a portion of the frequency componentlt can be shown to have the lowest possible noise energy
at wg. Therefore, a larger residual frequency component reamong all FIR noise shaping filters. Theoretically, it isoals

mains which corresponds to a less depth notch. possible to use an lIR notch filtét(w) in the feedback loop.
However, such a feedback filter in a feedback loop is rarely
3.6. Multiple notches used in practice due to stability reasons.

In the simulation, 1000 complex-valued 64-QAM base-
In some applications, it is required to have more than on@and symbols are generated. They are filtered using a raised
notch in the noise shaped signal. For example, in mobile contosine pulse shaping filter to achieve a normalized baseband
munication systems, it is usually required to have a notch ajandwidth of 0.08. We used an oversampling factor of 32 re-
the data receiving frequency of the transceiver and adfditio sulting in 32000 samples[n]. Then we truncate the word
notches for WLAN, GPS signals etc. length of x{n] from 10 bits (high resolution) to 5 bits (low
In feedback noise shaping, a new higher-order multiresolution).
notch noise shaping filtef (w) has to be designed and used. Fig. 3 shows the power spectrum density (PSD) of the
In our case, we can easily extend our basic noise shapirigigh-resolution signak[n] (blue), the low-resolution signal
algorithm for one notch to multiple notches by tracking theQ(x[n]) without noise shaping (green), the feedback noise-
Fourier transformE(w) of the shaped noise[n] at multiple  shaped signal (cyan), and the feedforward noise-shapedlsig
frequenciesy;: (red) for a normalized notch frequendy = wo/(2r) = 0.15.
N . iwin We see that for high frequency components, the PSD of the
En(wi) = 4Bn-1(e) + (&[n] + c[nf)e" (13) feedforward approach has a 4dB lower noise level than the
A choice ofc[n] to minimize|En(w;)| for all w; subjectto (10) feedback approach. This is also verifiedjpy= 18.36,y, =
is difficult. We propose to choosgn] such to reduce the 16.59.
largest frequency componégit,(w;)| among alkw;: Fig. 4 compares, andy; for a varying notch frequency
join 0 < fp < 0.5. Obviously, the feedforward noise shaping is
k arg miaﬂﬁi(—En,l(wi)e —&[nD].  (14)  aple to maintain a more or less constantor all notch fre-
_ jorn _ quencies, while the feedback noise shaping has a vapgng
Qqo (Bk(—En-1(wk)e &[nl))- (15) which is always smaller thay.
k is the index of that frequency component with the largest Fig. 5 shows the PSD for two filerent notches afy =
amplitude to be canceled. Note thatin Eq. (13) to (15fedi 0.1, f; = 0.15. In this case, a 4th order FIR noise shap-
ent notch width factorg; and diferent notch depth factors  ing filter H(w) consisting of two cascaded sections of the
are used for dferent notch frequencies in order to achieve type (17) is used to generate two notchedpaf;. We see
an individual notch width and depth forftérent downlink that the feedforward approach achieves two narrow notches
signals. as desired while the feedback approach also attenuates the
The complete feedforward noise shaper consists of a timdrequency band between the two notches significantly. The
recursive calculation of Eq. (13) to (15). Its behavior imco valuesys = 15559 vy, = 8.21 indicate a considerably larger
trolled by the set of notch frequenciés;}, the set of notch noise energy in the feedback approach.

c[n]
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Fig. 6 shows the PSD for two filerent notches afy = =
0.1, f; = 0.15 with two diferent notch widthg, = 0.8,8; = :Séxel(;‘flgmar o
0.2. As predicted, a smaller value gf leads to less cor- —— Feedback

rections and a narrower notch. The SQNR valuesyare: : R : : S —
15.95,y, = 8.21. s Ve
Fig. 7 shows the PSD for one notch fgt = 0.3 with a
varying notch width by choosing filerent values J10.6,0.4
for 8. As B decreases, the notch becomes narrower while re
maining its depth. As a result of the reduced notch width,
the out-of-band noise is reduced. The corresponding SQNI 5 i ‘ i i ‘ ‘ ‘ ‘
values are; = 1093 2153 2216, UG K B T e, oA m G
Finally, Fig. 8 shows the PSD for one notch &8t =  Fig. 5. Feedforward vs. feedback noise shaping for two
0.3 with a varying notch depth by choosingfgrent values notches
1,0.95,0.87,0.77 for . As A decreases, the notch becomes
more shallow while remaining its width. This also leadstoa ;g

reduction of the out-of-band noise. The corresponding SQNF =S |
values arey; = 19.29,19.88,20.71,22.75. —Eeeggwkardw
—— reedbacl
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Fig. 6. Feedforward vs. feedback noise shaping for two
notches of dferent widths
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In this paper, we have presented a novel noise shaping ap-
proach. It has a feedforward structure and is inherenthlsta -50[-
Itis simple to implement. Itis more flexible than the feedbac

noise shaping because the same feedforward noise shaper can %

achieve multiple notches with individually controlled abt 1% o1 032 03 0a 05
width and depth. In addition, it has a lower out-of-band aois Normalized Frequency o/ (2 pi)

than the traditional feedback noise shaping. Fig. 8. Feedforward noise shaping withi@irent notch depths
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