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ABSTRACT

In multi-standard transceivers a programmable
decimationfilter is required to perform channel
select filtering at baseband since the channel
bandwidths, sampling rates, and CNR require-
ments are different. This paper presents a low
powerfifth-order comb decimation filter with
programmable decimationratios (16 and 8) and
sampling rates (12.8 MHz and 44.8 MHz) for
GSM and DECTapplications. The non-recur-
sive architecture for combfilter is employed and
low power VLSI implementation techniques are
developed.

INTRODUCTION

Recent research on radio frequency (RF) com-
munication transceivers focuses on both higher
integration and multi-standard operation. High-
er integration can be obtained by optimizing re-
ceiver architectures to eliminate the off-chip
components. The receiver architectures that per-
forms channelselect filtering on chip at base-
band are preferred since digital signal
processing techniques can beeasily applied to
adapt to multiple communication standards. Fig.
1 shows the wide-band intermediate frequency
with double conversion (WIF)architecture [1]
which can be used to implement a multi-stand-
ard (DECT and GSM)receiver. The WIF archi-
tecture needs a_high dynamic range
oversampling sigma-delta (SD) analog-to-digit-
al (A/D) converter that can adapt to the different
requirements from the multi-standards. The dy-
namic range ofa SD A/D convertercanbe easily
adjusted by selecting different oversampling ra-
tios. Therefore a decimationfilter with program-
mable decimation ratios is needed in the A/D

converter.

While the sampling rate and resolution of
oversampling SD A/D converters are typically
determined by their analog modulators, the
power consumption is governed largely by the
digital decimationfilters [2]. It is possible to at-
tenuate the quantization noise and undesired
channels with a single filter and then decimate to
the Nyquist rate, but this approach consumes
much power. By decimating in multiple stages,
the complexity of the filters is reduced, and sub-
sequentfilters operate at lower samplingrates,
further reducing the power consumption [3]. In
multi-stage decimationfilters it has been shown
in [4] that the combfilter is an efficient way to
decimate the output of the analog modulator to
four times the Nyquist rate. Fig. 2 shows a multi-
stage decimation filter suitable for GSM and
DECTapplications. To meet the system require-
ments, a fifth-order comb decimation filter (6-bit
input) with programmable decimation ratios
16(GSM) / 8(DECT), and sampling rates 12.8
MHz(GSM) / 44.8 MHz(DECT) is needed.
Since the combfilter operates at the high sam-
pling rate its power consumptionis large. Hence
low power implementation of the combfilter is
very important.

The non-recursive architecture [5] for comb
filters has lower power consumption compared
with Hogenauer’s cascaded-integrator-comb
(CIC) architecture [3] especially whenthefilter
orders and decimation ratios are high. In this
paper the non-recursive architecture is
employed to design the combfilter. Low power
techniques have been developed for VLSI
implementation of the non-recursive architec-
ture.
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Fig. 2. Multi-stage linear-phase decimationfilter.

REVIEW OF THE NON-RECURSIVE ARCHITECTURE

Combfilters has the following transfer function

“yy (N-1

H(z) = (! =] =| 2° (1)
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where JN is the decimationratio andkis the filer

order. Notice that sometimesa scaling factor 1 /
N* is includedin the transfer function in order to

make the de gain unity.
Usually the decimation factor N is chosen to

be M-th power-of-two, i.e. N= 2™ Thetransfer
function can be rewritten as

k k k M-~1yk

H(z) = datz!) (+27) dt27) fit? } (2)

By applying the commutative rule, the non-
recursive architecture for comb decimation fil-

ters is resulted, shownin Fig. 3. The switches in
the figure indicate the reduction in the sampling
rates by a factor of 2. Every stage is a simple

FIR filter (ie., ( L427}, The word length
increases through every stage by k bits but the
sampling rate decreases through every stage by
a factor of 2. Reducing the sampling rates as
early as possible helps to save power consump-
tion. On the other hand, the wordlength of the
first stage is very short (m + k, where m is the
wordlength of the input x(7)) so the non-recur-
sive architecture can achieve higher speed com-

Sigma-Delta

3,
Fig. 1. Wide-band IF with double conversion receiver architecture.
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Fig. 3. The non-recursive architecture for comb decima-
tion filtcrs.

pared with the CIC architecture.

LOW POWERIMPLEMENTATIONOF THE NON-
RECURSIVE ARCHITECTURE

One approach to implement each stage (142!)
is to cascade the (+z!) processing element,
shown in Fig. 4(a). In this paper 4 is 5. By fur-
ther investigating this approach, we noticed that
halfof the computational operation is not neces-
sary in each stage since only half of the output
data will be fed into the next stage becauseofthe
decimating by a factor of 2. In order to reduce
power consumption the unnecessary computa-
tion should be eliminated. Based on this consid-

eration, we developed a new technique to
implement each stage. Using polyphase decom-
position [6][7], the transfer function (Itz!) of
each stage can be rewritten as

14 _ _ _ “408
H(z) = (1~z 4) = 1452 410274102 2452 742°

=(1+ loz7+ sz4) +2! (5+ loz7 +24)

= Eg)+2E>) (3)

where E((?) and EWZ) are polyphase compo-
nents. By applying commutative rule, a low-
powerpolyphase implementation for each stage
is resulted, shown in Fig. 4(b). Where

Eg(z) = 1+ 10:| +527
1 2

E,®)= S5+10z +2 (4)
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Fig. 4(b). Polyphase implementation for each stage.

 

Fig. 5. Implementation ofEy(z) (a) The direct-form structure for FIRfilter; (b) The data-broadcast structure; (c) The
multiplications are simplified to a few of shifts and adds; (d) The low-power implementation with substructure shar-
ing.

In this implementation, the input is decimated
by 2 at first and the odd-numbered input data
will go through E,(z) and even-numbered input
data will go through E)(z). The output data are
obtained by adding all polyphase components
(Eg(z) and E}(z)) together. Notice that cach
polyphase operatesat half of the input sampling
rate (i.e., f; /2, where f,; is the input sampling
rate of stage 7) meanwhile the unnecessary com-
putation has been eliminated. Therefore
polyphase implementation consumes less power
than the cascade implementation.

Low power implementation of each
polyphase component(FIRfilter) is also impor-
tant. A FIR filter can be designed with different
structures. We take polyphase component E(z)
(see (4)) as an exampleto illustrate this. The di-
rect-form structure is shown in Fig. 5(a). The
critical path for processing a new sample is lim-
ited by 1 multiply and 2 add timesso this struc-
ture has lower speed. An alternative approach to
reduce the critical path of the direct-form struc-
ture without introducing any pipelining registers
is to transpose the structure with the transposi-

tion theorem [8]. Fig. 5(b) showsthe transposed
structure which is referred to as data-broadcast

structure. Notice that the critical path is reduced
to 1 multiply and 1 add timesso the data-broad-
cast structure can operate at higher speed. This
makes it possible to use simple lower-speed
adder to perform the addition in the moderate-
speed applications instead ofhigh-speed adders,
such as carry-select adders and carry-lookahead
adders, etc. Power consumption caused by the
addition operation can be reduced. Another low-
powerissue is how to implement the multiplica-
tions in Fig. 5(b). First the multiplications are
simplified to a few of shifts and adds, shown in
Fig. 5(c). 5x(n) is calculated as 22x(n) + 2°x(n)
and 10x/(n) is calculated as 23x(n) + 2!x(n). The
data-broadcast structure make it possible to use
substructure sharing techniques to reduce the
power consumption. For example, 10x(n) can be
obtained by only left-shift 5x(n) 1 bit instead of
using 4 shifts and 1 add. This is shownin Fig.
5(d).

Finally the block diagram of the whole deci-
mation filter is shown in Fig. 6. There are four
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Fig. 6. The block diagram ofthe fifth order comb decimation filter with a decimation ratio of 8 or 16.
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Fig. 7. Low power implementation of 5x (= xt 2x),

stages. Each stage is implemented with the
same structure (polyphase plus data-broad-
cast). The switches in the figure indicate the
reduction of the sampling rate, and the number
close to each adder indicates the wordlength of
the adder. For GSM applications, the four
stages are neededsince the decimation ratio is
16. But for DECT applications, only first three
stages are needed because the decimation ratio
is 8. In this case, a reset signal will make stage
4 inactive to save power consumption.

Recall that each polyphase component has
the 5x(n) operation, and 5x(n) is calculated as

2?x(n) + 2°x(n) (see the shadowedareasin Fig.

By.2 «.. by bh bo  
6). If the wordlength of x(n) is w, a (w+3)-bit
adder is needed in the 2’s complementarithme-
tic to avoid the overflow problem. At first

2°x(n) and 2?x(n) are extended to (w+3) bits as
shownin Fig. 7(a). Notice that the two LSB bits

of 2?x(n) are zero and the two MSB bits of
2°%x(n) and 27x(n) are Dsjgn. The two LSBbits of
5x(n) will be “b,bp” and the first MSB bit of

5x(n) will be “b,jo,,”. In actual design we only
need a (w-1)-bit adder (the shadowed area in
Fig. 7(a)) to get other bits. Therefore we save 4
bits in the adder wordlength. As an example,
assume w = 6. We only need a 5-bit adder
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instead of a 9-bit adder to complete the 5x(n)
operation as shownin Fig. 7(b).

CONCLUSIONS

A low-powerfifth-order comb decimationfilter
with programmable decimation ratios (16 and
8) and sampling rates (12.8 MHz and 44.8
MHz) has been presented for GSM and DECT
applications. Low power consumption is
achieved by the following approaches: 1) the
non-recursive architecture for comb decima-

tion filter is employed; 2) unnecessary compu-
tation is eliminated with polyphase
implementation of each stage; 3) each
polyphase component is implemented with
data-broadcast structure, and multiplications
are simplified to a few of shifts and adds then
substructure sharing techniques is applied to
minimize the number of shifts and adds; 4)
5x(n) is realized with a (w-1)-bit adder instead
of a (w+3)-bit adder.
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  !"��#$%&'(�)*+$%,�-$.//0�)*+$%�)$12(,�3$'&�4&5./6/%7,�#$11*�8/1(*1/1,9/2$+$2/%&$5�:$'/;�<5=22/;�3$2>(�?12/11$"�@1A�:"�9&5=0$1=0&B�CD;"E,F=1G/%/1>/�3%=>//;&17'�=G�H*6&5//� !2(�@12/%1$2&=1$5�F=1G/%/1>/�=18/5/>=++*1&>$2&=1'�&1�9=;/%1�<$2/55&2/,�F$65/�$1;�:%=$;>$'2&17</%0&>/'�I�8D4<@)<�J!  �,� ,�KLIKM,�@DDD,�J!  "   "��)($5&;�4$2&G,�?+&%I9=($++$;�-$(+$1&,�D2(&=N&$�O&7*''&/,�8&6/%&*</>/5/$1*,�#$11*�8/1(*1/1,�?�O=0/5�8=N=5=7PI@1;/N/1;/12�-=*2/%?%>(&2/>2*%/�2=�D1($1>/�-/5&$6&5&2P�$1;�3/%G=%+$1>/�=G�O/2Q=%R'I=1IF(&N"�@1A�H*$1�D"�S*/%%/%=�CD;"E,�@12/%1$2&=1$5�<P+N='&*+�=1�T/G/>2$1;�U$*52�8=5/%$1>/�&1�V4<@�$1;�O$1=2/>(1=5=7P�<P'2/+'�CTU8E,�KWKIKMJ,�@DDD�F=+N*2/%�<=>&/2P,�J!  "  J"��)($5&;�4$2&G,�?+&%I+=($++$;�-$(+$1&,�8&6/%&*�</>/5/$1*,�#$11*8/1(*1/1,�?�4=QIF='2�3%=>/''&17�D5/+/12�-/>=0/%P�9/>($1&'+�G=%�U$*528=5/%$12� O/2Q=%R'I=1IF(&N"� @1A� @0$1� -&17� O&/5'/1� CD;"E,@12/%1$2&=1$5�O=%>(&N�F=1G/%/1>/,� IK,�@DDD,�J!  "  L"��)($5&;�4$2&G,�?+&%I+=($++$;�-$(+$1&,�)$+/'Q$%�-$=�V$;;&1$,�8&6/%&*</>/5/$1*,�3$'&�4&5./6/%7,�#$11*�8/1(*1/1,�D1($1>&17�3/%G=%+$1>/<*'2$&1$6&5&2P�=G�U$*52�8=5/%$12�-=*2&17�?57=%&2(+'�&1�O=FI:$'/;?%>(&2/>2*%/'"�@1A�3$%&'�)&2'='�CD;"E,�@DDDXD*%=+&>%=�@12/%1$2&=1$5F=1G/%/1>/� =1� T&7&2$5� <P'2/+� T/'&71� CT<TY  E,� MJMIMLL,@DDDXDZ-[9@F-[,�J!  "  K"��?+&%I+=($++$;�-$(+$1&,�)$+/'Q$%�-$=�V$;;&1$,�3$'&�4&5./6/%7,�H*($35='&5$,�#$11*�8/1(*1/1,�3=Q/%�$1;�?%/$�[N2&+&\$2&=1�=G�LT�O/2Q=%R'I=1IF(&N�Z'&17�<+$%2�$1;�DGG&>&/12�V/%2&>$5�F($11/5'"�@1A�4"�?P$5$H='],�:%$*5&=�S$%>̂$IF_+$%$,�9$1*/5�3%&/2=,�9$%2&1=�-*77&/%=,�S&55/'<&>$%;� CD;'"E,� @12/%1$2&=1$5� F=1G/%/1>/� =1� 3=Q/%� $1;� 8&+&179=;/5&17,�[N2&+&\$2&=1�$1;�<&+*5$2&=1�C3?89[<̀  E,�4OF<�MaW ,�JbcIJcb,�<N%&17/%IV/%5$7,�J!  "  W"��8(=+$'�F$1($=�d*,�3$'&�4&5./6/%7,�#$11*�8/1(*1/1,�[N2&+$5�9/+=%PF=12%=55/%�35$>/+/12�G=%�F(&N�9*52&N%=>/''=%"�@1A�OX?�CD;"E,3%=>//;&17'�=G�2(/�a2(�@DDDX?F9X@U@3�@12/%1$2&=1$5�F=1G/%/1>/�=1#$%;Q$%/X<=G2Q$%/�F=;/'&71�$1;�<P'2/+�<P12(/'&'�CF[TD<X@<<<E,�J bIJJM,�?F9,�J!  "  M"��8(=+$'�F$1($=�d*,�3$'&�4&5./6/%7,�#$11*�8/1(*1/1,�[N2&+$5�O*+6/%$1;�35$>/+/12�=G�8(%=*7(�<&5&>=1�V&$'�&1�LT�O/2Q=%RI=1IF(&N"�@1A�O=2?0$&5$65/�CD;"E,� K2(�@DDD�@12/%1$2&=1$5�<P+N='&*+�=1�T/'&71�$1;T&$71='2&>'�=G�D5/>2%=1&>�F&%>*&2'�e�<P'2/+'�CTTDF<E,� !WI  !,�@DDD,J!  "  b"��4$2&G,�)($5&;�$1;�-$(+$1&,�?+&%I9=($++$;�$1;�S*$17,�4&$17�$1;</>/5/$1*,�8&6/%&*�$1;�8/1(*1/1,�#$11*,�f3V<IO=FA�3$%2&$5�V&%2*$5IF($11/5� <($%&17� O=F� ?%>(&2/>2*%/"f,� 3%=>//;&17'� =G� D*%=+&>%=@12/%1$2&=1$5�F=1G/%/1>/�=1�3$%$55/5,�T&'2%&6*2/;,�$1;�O/2Q=%RI:$'/;3%=>/''&17�C3T3E,�U/6,�J!  ,�NN�Kb!IKbb  c"��4$2&G,�)($5&;�$1;�-$(+$1&,�?+&%I9=($++$;�$1;�</>/5/$1*,�8&6/%&*$1;�8/1(*1/1,�#$11*,�fDgN5=%&17�$1�DGG&>&/12�-/'=*%>/�9$1$7/+/128/>(1&h*/�U=%�O=F�-=*2/%'f,�i=%R�&1�3%=7%/''�</''&=1�=G�2(/D*%=+&>%=�@12/%1$2&=1$5�F=1G/%/1>/�=1�3$%$55/5,�T&'2%&6*2/;,�$1;O/2Q=%RI:$'/;�3%=>/''&17�Ci&3I3T3Y  E,�U/6,�J!  ,�NN�JLIJK
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  !"��#$%&$'()�*&(+,-.%$&&$/�$'/�0$1(2)�3%$4(/�$'/�0(45676+8)�9$:(�$'/94.:(4$)� ;<%$� $'/� =6'%<'6')� >$''<)� ?*� @1$AB6/� -6:%� CD� E.F*+A%(16A1<+6�G'$74('8�F.'86:1(.',*H$+6�$'/�#64($746�I'16+,0$J6+F.&&<'(A$1(.'?)�9+.A"�.2�G<+.&(A+.�I'16+'$1(.'$4�F.'26+6'A6�.'9$+$4464)�D(:1+(7<16/)�$'/�E61H.+B,K$:6/�9+.A6::('8)�L67)�MN  )�OOPMC,PCN MN"��#$%&$'()�*&(+,-.%$&&$/�$'/�0$1(2)�3%$4(/�$'/�0(45676+8)�9$:(�$'/94.:(4$)�;<%$�$'/�=6'%<'6')�>$''<)�?9.H6+,*H$+6�*+A%(16A1<+6�2.+�CDE61H.+B:,.',F%(O?)�Q.+B�('�9+.8+6::�@6::(.'�.2�1%6�G<+.&(A+.I'16+'$1(.'$4�F.'26+6'A6�.'�9$+$4464)�D(:1+(7<16/)�$'/�E61H.+B,K$:6/9+.A6::('8�RQ(9,9D9S  T)�L67)�MN  )�OO� U, V M "��3$'1%)�#$566W�3<&$+�$'/�0(45676+8)�9$:(�$'/�=6'%<'6')�>$''<�$'/Q$')�X($':<�$'/�*%&$/)�Q$Y$+�$'/�Z%6'8)�0(+.'8�$'/�3<&$+)�>$+(:%)?I':(8%1�('1.�1%6�#6Y<(+6&6'1:�.2�@642,$H$+6)�*/$O1(W6�$'/�#64($746G&76//6/� @<7,:J:16&:� .2� @$1644(16� @O$A6A+$21?)� F.'26+6'A69+.A66/('8:�.2�I'16+'$1(.'$4�F.'26+6'A6�.'�96+W$:(W6�$'/�G&76//6/F.&O<1('8� $'/� F.&&<'(A$1(.'� @J:16&:)� @A(6'A6� $'/� =6A%'.4.8J9<74(A$1(.':�0/$�R@F(=69+6::T)�;$')�MN  )�OO"�VNC,VN[ MM"��*&(+,-.%$&&$/�#$%&$'()�3%$4(/�0$1(2)�9$:(�0(45676+8)�;<%$�94.:(4$)>$''<�=6'%<'6')�*�@1$AB6/�-6:%�CD�E.F�*+A%(16A1<+6�G'$74('8F.'86:1(.',*H$+6� $'/� #64($746� I'16+,0$J6+� F.&&<'(A$1(.'"� I'\9$O$/.O.<4.:�]6.+86�*"�RG/"T)�9+.A"�.2�G<+.&(A+.�I'16+'$1(.'$4F.'26+6'A6�.'�9$+$4464)�D(:1+(7<16/)�$'/�E61H.+B,K$:6/�9+.A6::('8)PMC,PCN)�IGGĜG_#̀-IF#̀)�MN  " MC"��3$'1%)�#$566W�3<&$+�$'/�Q$')�X($':<�$'/�3<&$+)�>$+(:%�$'/0(45676+8)�9$:(�$'/�Z%6'8)�0(+.'8�$'/�=6'%<'6')�>$''<)�?0(26�FJA46*::6::&6'1� .2� 9+('16/� *'16''$\� F.&O$+$1(W6� *'$4J:(:� $'/G'W(+.'&6'1$4�I&O$A1:�GW$4<$1(.'?)�F.'26+6'A6�9+.A66/('8:�.2�IGGGI'16+'$1(.'$4�@J&O.:(<&� .'� @<:1$('$746� @J:16&:� $'/� =6A%'.4.8JRI@@@=T)� )�IGGG)�;$')�MN  )�OO"� ,P MP"��a<)�=%.&$:�F$'%$.�$'/�0(45676+8)�9$:(�$'/�=6'%<'6')�>$''<)?9+.A6::� @A%6/<4('8� 2.+� L<1<+6� -<41(A.+6� 9+.A6::.+:?)� V1%I'16+'$1(.'$4� F.'26+6'A6� .'� >(8%,96+2.+&$'A6� $'/� G&76//6/*+A%(16A1<+6:�$'/�F.&O(46+:)�*F-)�;$')�MN  )�OO"� U, [ MU"��]6'8�b$'8�$'/�;($'�F%6'�$'/�;.'::.')�L"�$'/�=6'%<'6')�>"�$'/�0(,#.'8�Z%6'8)�c*�9+.8+$&&$746�K(.,G46A1+(A�@.F�@6':.+�H(1%�M,Q(+6�D$1$=+$':&(::(.'� 2.+� @A$4$746�  P,F%$''64� @J'A%+.'.<:� K(.@(8'$4-6$:<+6&6'1d)�I'�O+.A"� 2̀� Ce1%�G<+.O6$'�@.4(/,@1$16�F(+A<(1:F.'26+6'A6)�MN  �fghg���������������������������������������������������������������=.O MV"��3%$4(/�0$1(2)�=(76+(<�@6A646$'<)�>$''<�=6'%<'6'"d9.H6+�$'/�*+6$G22(A(6'1�D6:(8'�.2�E61H.+B,.',F%(O�#.<16+�1%+.<8%�_1(4(i$1(.'�.2I/46�K<226+:d"�GFK@�MN N\� C , C[)�MN N" Me"��-.$ii$&�L$+66/�E($i()�>$''<�=6'%<'6')�=(76+(<�@6A646$'<"�c*'G&<4$1(.'�@.4<1(.'�2.+�1%6�@68K<:�94$12.+&d"�GFK@�MN N\�MV[,MeU)
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 !"#��$%&'()�*(+%(&�,-.�/0(+1�2-(+1.�3456(+758�950�:0+.�;&�:(+1.�<()0/04=5>581.�?(++-�$5+%-+5+.�3+�3+(4@)0)�&A�B5)01+0+1�CBD!B�*%0EF-4G0E8&H5))&8�I0G%�B0AA585+G�*(H%538H%0G5HG-85#�J+K�CLG%�JMMMN&8H%0E�*&+A585+H5.� OP.�JMMM.�CQ Q# RQ#��S(=55T�U-'(8�U(+G%.�9(V(8�3%'(7.�W->(8+(�W%(X@(.�<()0�/04=5>581./08&+1�Y%5+1�(+7�?(++-�$5+%-+5+#�3-G&+&'&-)�Z)5�&A�[8(HG(4�WG8-HG-850+�/&I�*&)G.�F-4G0>(+7�(+7�*&'E(HG�N(T01(G0&+(4�3+G5++(#�J+�<8&H#F570G588(+5(+�F0H8&I(T5�W@'E#�\FFW].�EE#� !̂O !L.� QG%�F570G588(+5(+F0H8&I(T5�W@'E&)0-'.�FFW�CQ Q_�2-̀54@-8G_�Ĉ�3-1-)G�CQ Q�G%8&-1%�Ca3-1-)G�CQ Q# R #��3'08OF&%(''(7�S(%'(+0.�<()0�/04=5>581.�b-%(�<4&)04(�(+7�?(++-$5+%-+5+#�;;c*O!BON&*K�3+�MAA0H05+G�!B�N&*�38H%0G5HG-85�Z)0+1;07085HG0&+(4�;0)@+H%8&+&-)�c58G0H(4�*%(++54)#�J+�CQ Q�JMMM�*&'E-G58W&H05G@�3++-(4�W@'E&)0-'�&+�c/WJ.�b-4�CQ Q#� RC#��F()&-7�B(+5)%G(4(>.�F()&-'5%�M>8(%0'0.�<()0�/04=5>581.�b-%(<4&)04(�(+7�?(++-�$5+%-+5+#�*FJ$O�3�N&T54�*4-)G58O;()57�$&E&4&1@�A&8!B� WG(HX57� 38H%0G5HG-85)#� J+� JMMM� J+G58+(G0&+(4� !B� W@)G5')J+G518(G0&+�*&+A58+5H5�\!BJ*].�N&T�CQ Q#� R!#��3'08OF&%(''(7�S(%'(+0.�<()0�/04=5>581.�b-%(�<4&)04(�(+7�?(++-$5+%-+5+#� B5T54&E0+1� S5H&+A01-8(>45� [J[d)� G&� dEG0'0̀5<&I58D<58A&8'(+H5�&A�c&4G(15D[85V-5+H@�J)4(+7O;()57�N5GI&8X)O&+O*%0E#�J+�JMMM�J+G58+(G0&+(4�W@'E&)0-'�&+�B5)01+�(+7�B0(1+&)G0H)�&AM45HG8&+0H�*08H-0G)�(+7�W@)G5').�3E8�CQ Q#� RR#��9(V(8�3%'(7.�S(=55T�U-'(8�U(+G%.�e0(+1�*%5+.�/08&+1�Y%5+1.�?(++-$5+%-+5+.�<&I58�B0)G80>-G0&+�$Wc)�J+7-H57�*&85�WI0GH%0+1�N&0)5�#J+K� *&+A585+H5� <8&H5570+1)� &A� M45HG80H(4� B5)01+� &A� 37T(+H57<(HX(10+1�f�W@)G5')�W@'E&)0-'�\MB3<W].�CQ Q�JMMM�.� .� OR.M45HG80H(4�B5)01+�&A�37T(+H57�<(HX(10+1�f�W@)G5')�W@'E&)0-'�\MB3<W].CQ Q�JMMM�.�CQ Q# R̂#��3'08OF&%(''(7�S(%'(+0.�<()0�/04=5>581.�b-%(�<4&)04(�(+7�?(++-$5+%-+5+#�3+�MAA0H05+G�c[JO;()57�N&*�38H%0G5HG-85�Z)0+1�b&%+)&+OM+H&757�S5H&+A01-8(>45�[J[d)#�J+�<8&H#�&A�JMMM�J+G58+(G0&+(4�N&8H%0E*&+A585+H5�\NdS*?J<g Q].�N&T�CQ Q#��#� RP#��3'08OF&%(''(7�S(%'(+0.�<()0�/04=5>581.�b-%(�<4&)04(�(+7�?(++-$5+%-+5+#�M6E4&80+1�(�/&IO*&)G�J+G58O4(@58�*&''-+0H(G0&+�WH%5'5�A&8!B�N5GI&8X)O&+O*%0E#�J+�<8&H#�&A�JMMM� ̂G%�J+G58+(G0&+(4�W@'E&)0-'&+�*&'E-G58�38H%0G5HG-85�f�B010G(4�W@)G5')�\*3BWg Q].�W5E�CQ Q#� Ra#��9(V(8�3%'(7.�e0(+1�*%5+.�/08&+1�Y%5+1.�?(++-�$5+%-+5+.�<5(XOG&O<5(X�WI0GH%0+1�N&0)5�(+7�/*�S5)&+(+H5�&+�(�<&I58�B0)G80>-G0&+�$Wc<(08#�J+K�<8&H#�&A�JMMM� "G%�*&+A585+H5�&+�M45HG80H(4�<58A&8'(+H5�&AM45HG8&+0H�<(HX(10+1�(+7�W@)G5')�\M<M<W].�CQ Q.� a!O aP.�JMMM.�CQ Q# RL#��9(V(8�3%'(7.�S(=55T�U-'(8�U(+G%.�e0(+1�*%5+.�/0OS&+1�Y%5+1�(+7?(++-�$5+%-+5+#�[()G�$8(+)05+G�W0'-4(G0&+�341&80G%'�A&8�(�!B�<&I58B0)G80>-G0&+�;-)#�J+�J+K�<8&H5570+1)�&A�C+7�3)0(�W@'E&)0-'�&+e-(40G@�M45HG8&+0H�B5)01+�\3WeMB].�!R!O!̂Q.�JMMM.�3-1�CQ Q#�
37



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� �����

 !"#��$%&'(�)*&'(+�,-�.&'(+�/*0&�12-3%2&+�40&2%5�$&6%7�&'5�8&''*9:'0*':'#�8%:;&;<0%<&2�1-=:;�>-'%6-;%'(�-'�?-@A�B�@&3:�C6*5D�7-;8%:;&;<0%<&2�B(:'6�>-'%6-;%'(�E:3%('�BFF;-&<0#�G'�F;-<::5%'(3�-7GHHH�?-;<0%F�IJ J+�?-K�IJ J#� LJ#��>&3-*5�E&':306&2&M+�>&3-*N:0�HM;&0%N%+�1&3%�$%2O:M:;(+�/*0&12-3%2&�&'5�8&''*�9:'0*':'#�8%(0A1:;7-;N&'<:�9CP�B;<0%6:<6*;:�7-;�QAE�G@3#�G'�90:�"60�GHHH�G'6:;'&6%-'&2�CDNF-3%*N�-'�P$CG�RGCP$CGS+�/*2IJ J#� L #��>&3-*5�E&':306&2&M+�>&3-*N:0�HM;&0%N%+�1&3%�$%2O:M:;(+�/*0&12-3%2&�&'5�8&''*�9:'0*':'#�G'F*6AT*6F*6�C:2:<6%-'�,&3:5�U-*6:;�7-;?:6=-;V3A-'A@0%F#�G'�90:�"60�GHHH�G'6:;'&6%-'&2�CDNF-3%*N�-'�P$CGRGCP$CGS+�/*2�IJ J#� LI#��U&O::K�4*N&;�4&'60+�W%&'3*�X&'+�1&3%�$%2O:M:;(+�B*2%3�9*-N%':'+$%;-'(�Y0:'(�&'5�8&''*�9:'0*':'#�G'K:36%(&6%-'�&'5�HK&2*&6%-'�-7$%7:�@D<2:�B33:33N:'6�-7�1;%'6:5�H2:<6;-'%<3�&'5�%63�H'K%;-'N:'6&2GNF&<63�B'&2D3%3#�G'�1;-<::5%'(3�-7�?HZ9�IJ J�@-'7:;:'<:+�T<6�IJ J#� LQ#��>&3-*N:0�HM;&0%N%+�>&3-*5�E&':306&2&M+�1&3%�$%2O:M:;(�&'5�8&''*9:'0*':'#�1&;6%6%-'%'(�>:60-53�7-;�['%<&36\>*26%<&36�9;&77%<�%'�QE?-@�B;<0%6:<6*;:#�G'�%'�1;-<::5%'(3�-7� Q60�GHHH�G'6:;'&6%-'&2CDNF-3%*N�-'�E:3%('�]�E%&('-36%<3�-7�H2:<6;-'%<�@%;<*%63�]�CD36:N3REEH@CS+�BF;�IJ J#� L!#��>&3-*N:0�HM;&0%N%+�>&3-*5�E&':306&2&M+�1&3%�$%2O:M:;(�&'5�8&''*9:'0*':'#�1:;7-;N&'<:�B'&2D3%3�-7�QE�?-@3�1&;6%6%-'%'(�>:60-53#�G'90:�"60�GHHH�G'6:;'&6%-'&2�CDNF-3%*N�-'�P$CG�RGCP$CGS+�/*2�IJ J#� LL#��>&3-*N:0�HM;&0%N%+�>&3-*5�E&':306&2&M+�1&3%�$%2O:M:;(�&'5�8&''*9:'0*':'#� 1:;7-;N&'<:� HK&2*&6%-'� -7� ['%<&36� &'5� >*26%<&36@-NN*'%<&6%-'�%'�90;::AE%N:'3%-'&2�>:30�B;<0%6:<6*;:3#�G'�90:� L60GHHH�G'6:;'&6%-'&2�CDNF-3%*N�-'�@-NF*6:;�B;<0%6:<6*;:�]�E%(%6&2CD36:N3�R@BECS+�C:F�IJ J#� L̂#��90-N&3�@&'0&-�Z*+�,-�.&'(+�B2:_&'5:;�X:%�.%'+�1&3%�$%2O:M:;(+8&''*�9:'0*':'+�QE�?:6=-;VA-'A@0%F�=%60�-'A<0%F�EUB>̀�&'�:NF%;%<&2&'&2D3%3�7-;�7*6*;:�@0%F�>*26%F;-<:33-;#�G'̀�IJ J�G'6:;'&6%-'&2@-'7:;:'<:�-'�@-NF*6:;+�H2:<6;%<&2+�&'5�CD36:N3�C<%:'<:+�&'5H'(%'::;%'(+� aAI!+�XBCH9+�IJ J# Lb#��>&3-*5�E&':306&2&M+�>&3-*N:0�HM;&0%N%+�1&3%�$%2O:M:;(+�/*0&12-3%2&�&'5�8&''*�9:'0*':'#�1%F:2%':A,&3:5�G'6:;2&D:;�,*3�C6;*<6*;:7-;�QE�?:6=-;V3A-'A@0%F#�G'�1;-<::5%'(3�-7� L60�G'6:;'&6%-'&2CDNF-3%*N�-'�@-NF*6:;�B;<0%6:<6*;:�]�E%(%6&2�CD36:N3�R@BECS+�C:FIJ J#� La#��90-N&3�@&'0&-�Z*+�1&3%�$%2O:M:;(+�8&''*�9:'0*':'+�B�C6*5D�-790;-*(0�C%2%<-'�P%&�GNF&<6�6-�QE�?:6=-;VA-'A@0%F�E:3%('#�G'̀�IJ JGHHH� G'6:;'&6%-'&2� @-'7:;:'<:� -'� H2:<6;-'%<3� &'5� G'7-;N&6%-'H'(%'::;%'(+� +�QQQAQQb+�GHHH+�IJ J# L"#��BN%;A>-0&NN&5�U&0N&'%+�1&3%�$%2O:M:;(+�/*0&�12-3%2&�&'5�8&''*9:'0*':'#�1-=:;�&'5�1:;7-;N&'<:�TF6%N%c&6%-'�-7�P-26&(:\d;:e*:'<DG32&'5A,&3:5�?:6=-;V3A-'A@0%F�[3%'(�U:<-'7%(*;&M2:�CD'<0;-'-*3\,%A
38



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� �����

 !"#$%&"&'(�)*)+(,�*"�-./�*"01%"203&"24�.&"51%1"#1�&"�.&67'03"8)%&"031%(9�/2!�:;<;,�<=;,��>$243?�@20359�-63%A/&$2662?�B2$62"39�C3D1%3'� 1#1412"'�2"?�E2""'C1"$'"1",�F&G1%A�2"?�F1%5&%62"#1A-G2%1�*F�/2773"8�5&%�H&.AI2(1?/F &.�F4205&%6(,�*"�F%&#11?3"8(�&5�*JJJ�*"01%"203&"24�.&"51%1"#1�&"J41#0%&"3#(�.3%#'30(�2"?� !(016(�K*.J. L9�M1#�:;<;,�<=<,��-63%A/&$2662?�B2$62"39�/2(&'?�M2"1($0242D9�F2(3�@34N1D1%8�2"?E2""'�C1"$'"1",�F&G1%A-G2%1�H&.�B&'01%�O(3"8�.1"0%24�)&%1#2(03"8AD2(1?�M!"263#�P3%0'24�.$2""14�-44&#203&",�*"�*JJJ�*"01%"203&"24 !67&(3'6�&"�.3%#'30(�2"?� !(016(�K* .- L9�/2!�:;<;,�<=:,��C$&62(�.2"$2&�Q'9�F2(3�@34N1D1%89�E2""'�C1"$'"1"9�JR74&%3"8�MB-/@2(0�@1S14�.2#$1�5&%�TM�H10G&%UA&"A.$37�-%#$301#0'%1,�*"V�:;<;*"01%"203&"24�.&"51%1"#1�&"�J6D1??1?� !(016�2"?�/3#%&7%&#1((&%(K*.J /L9�TWAXX9�*JJJ9�:;<;,<=T,��-63%A/&$2662?�B2$62"39�>$243?�@20359�F2(3�@34N1D1%89�Y'$2�F4&(3422"?�E2""'�C1"$'"1",�B1(12%#$�2"?�F%2#03#1(�&"�TM�H10G&%U(A&"A.$37-%#$301#0'%1(,�*"�F%&#,�&5�*JJJ�*"01%"203&"24�H&%#$37�.&"51%1"#1KH+B.E*FZ<;L9�H&S�:;<;,�<=X,��>$243?�@20359�C3D1%3'� 1#1412"'9�.%3(03"2� 1#1412"'�2"?�E2""'C1"$'"1",�B1(&'%#1A-G2%1�C2(U�-44&#203&"�2"?� #$1?'43"8�5&%� 18D'(F4205&%6,�*"�F%&#11?3"8(�&5�*JJJ�*"01%"203&"24�.&"51%1"#1�&"J41#0%&"3#(�.3%#'30(�2"?� !(016(�K*.J. L9�M1#�:;<;,<=[,��-41R2"?1%�\13�]3"9� 2̂"863"8�@S9�.$1"8�C2&9�F2(3�@34N1D1%8�2"?E2""'�C1"$'"1",�B)�H&.V�-�H1G�F2%2?386�5&%�P1%!�@2%81� #241�C$%11M361"(3&"24�+"A.$37�*"01%#&""1#0�H10G&%U(,�*"�F%&#11?3"8�&5�TM*"018%203&"�\&%U($&7�3"�M1(38"�-'0&6203&"�2"?�C1(0�J'%&71�.&"51%1"#1KM-CJL9�/2%�:;<;,�<==,��@32"8� '̂2"89�J0$3&732�H38'((31�2"?�E2""'�C1"$'"1",�B'"A0361.&66'"3#203&"�I!72((3"8�5&%�J"1%8!AJ5_#31"09�@&GA@201"#!�F1%A.&%1MP) �&"�H10G&%UA&"A.$37,�*"�F%&#11?3"8(�&5�*JJJ� &..�:;<;9� 17:;<;,�<=̀,��/2(&'61$�JD%2$3639�/2(&'?�M2"1($0242D9�F2(3�@34N1D1%8�2"?�E2""'C1"$'"1",�O"3#2(0a/'403#2(0�B&'03"8(�3"�C$%11AM361"(3&"24�H10G&%U(&"�.$37,�*"�*"�F%&#11?3"8�&5�TM�*"018%203&"�\&%U($&7�3"�M1(38"-'0&6203&"�2"?�C1(0�J'%&71�.&"51%1"#1�KM-CJL9�/2%�:;<;,�bccd���������������������������������������������������������������C&7<=e,��-G10�]162"1�\14?1f3&"9�/200�̂ %2"819�M3"1($�F26'"'G29�g$&"8$23�@'9-R14�Y2"0(#$9�B&($2"�\11%2(1U1%29�2"?�E2""'�C1"$'"1",�h #242D3430!&5�"10G&%UA&"A#$37�#&66'"3#203&"�2%#$301#0'%1�5&%�TA?�61($1(i,*"�F%&#11?3"8(�&5�0$1�*"01%"203&"24� !67&(3'6�&"�H10G&%U(A&"A.$379 2"�M318&9�.-9�/2!�:;;W,<=W,��@32"8�̂ '2"89�J0$3&732�H38'((319�@2'%3�>&(U3"1"9�E2""'�C1"$'"1",h-'0&"&6&'(�MP) �&"� '774!�*(42"?(�5&%�J"1%8!A.&"(0%23"1?�H&.
39

4/27/22, 10:52 PM https://people.kth.se/~hannu/Publications.htm 
 Synchronous F

Frontiers, May 2

160. Khalid Latif,
Tenhunen.

 

IFOs.

Power-

 In ACM 

010.

Amir-Mohammad Rahmani,

International Conference

and Performance-Aware

on Computing

Tiberiu Seceleanu and Hannu

IP Mapping for NoC-Based  

   
 

  

 

   
  

MPSoC Platforms. In Proceedings of IEEE International Conference on
Electronics Circuits and Systems (ICECS), Dec 2010.

161. Amir-Mohammad Rahmani, Masoud Daneshtalab, Pasi Liljeberg and
Hannu Tenhunen. Power-Aware NoC Router Using Central Forecasting-
based Dynamic Virtual Channel Allocation. n EEE nternational
Symposium on Circuits and Systems (ISCAS), May 2010.

162. Thomas Canhao Xu, Pasi Liljeberg, Hannu Tenhunen, Exploring DRAM
Last Level Cache

International Conference 

 — ICESM), 39-44,

163. Amir-Mohammad

and Hannu Tenhunen.

In Proc.Architectures.

(NORCHIP’10), No

164. Khalid Latif,

3  for

on Embedded

IEEE, 2010.

Rahmani, Khalid Latif, 
 

of  EER  
 

v 2010.

Tiberiu Seceleanu, 
Tenhunen.

Platform. In

Electronics Circ

 

 
165.

Hannu Tenhunen.

Dimensional

Integration Work
(DATE), Mar 2010

 

 

 

166. Liang Guang,

 

 

  
 

DVFS

2010.

167. Masoumeh Ebra

Tenhunen.

on Chip. n n
Automation and T

2009

168. Awet Yemane Weldezion,

Roshan Weerasekera,Axel Jantsch,
of network-on-c

 

 San Diego,

169. Liang Guang,
“Autonomous DVF 

https://people.kth.se/~hannu/Publications.htm

Resource-Awar

Proceedings

Alexander Wei Yin,

On-Chip

In Proceedings of the
CA, May 2009.

 

of

uits and Systems

EEE

(ICECS)

 
   

Gangming
RF NoC:

Lv,

 

 shop in

Ethiopia Nigussie

 In Proceedin

 himi, Masoud

  Proceeding of 3D
est Europe Conference  (

 Matt Grange,

hip communication
 

Ethiopia Nigussie,
S on Supply Islands 

39

D Network-on-Chip Architecture.

Research and Practices on 31

nternational Norchip Conference

Cheng Tao,
A New Paradigm for Very Large Scale Three

Interconnect Networks.

Design Automation and Test Europe Conference

and Hannu Tenhunen.

Communication Bypassing for Energy-Efficient,
on Network-on-Chip.

Daneshtalab,

Unicast/Multicast Routings in Three-!
Integration Workshop

DATE),

Dinesh Pamunuwa,
and Hannu Tenhunen.

architecture

International Symposium on Networks-on-Chip,

Lauri

 

In: 2010

and Microprocessors

 

System

Pasi Liljeberg, Juha Plosila
D Networks-on-Chip 

Cristina Seceleanu and Hannu

Task Allocation and Scheduling for Segbus
nternational Conference

Dec 2010.

on

 y

Pasi Liljeberg and

of 31  In Proceeding D

Run-time

Low-Latency Per-Core
of IEEE SoccC 2010, Sep gs

Pasi Liljeberg and Hannu
Dimensional Networks

in Design

 

 

Mar 2010.

Top

Zhonghai Lu,
“Scalability

for 3-d meshes”.

Koskinen, Hannu Tenhunen.

for Energy-Constrained NocC

34/93



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� �
���
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185. Thomas Canhao Xu, Alexander Wei Yin, Pasi Liljeberg and Hannu
Tenhunen. A Study in 3D Network-on-Chip Design for Data Parallel
H.264 Coding, number. In proceeding of the 27th IEEE Norchip
Conference, Nov 2009.

   

  

186. Alexander Wei Yin, Liang Guang, Pasi Liljeberg, Pekka Rantala,
Ethiopia Nigussie, Jouni Isoaho and Hannu Tenhunen. Hierarchical 

    

   
 Agent Based NoC with Dynamic Online Services. In The 4th IEEE

Conference on Industrial Electronics and Applications (ICIEA 2009),
May 2009.

 187. Liang Guang, Juha Plosila, Jouni Isoaho and Hannu Tenhunen.
Hierarchical Agent Monitoring Services on Reconfigurable NoC
Platform: A Formal Approach. In Workshop Digest of DSNOC 09
(Diagnostic Services in Network-on-Chips), May 2009.

   

 

188. Liang Guang, Pasi Liljeberg, Ethiopia Nigussie, Hannu Tenhunen; A
Review of Dynamic Power Management Methods in NoC under Emerging
Design Considerations, in Proc. of 27th IEEE NORCHIP Conference,
Trondheim, Novemeber 2009

 

  

 
189. Rajeev Kumar Kanth, Alok Kumar Singhal, Pasi Liljeberg, Hannu

Tenhunen; Analysis, Design and Development of Novel, Low Profile
Microstrip Antenna for Satellite Navigation, in Proc. of 27th IEEE
NORCHIP Conference, Trondheim, Novemeber 2009

  

  
190. M. Ebrahimi, M. Daneshtalab, M. Nieshaburi, S. Mohammadi, A.

Afsali-Kusha, J. Plosila, H. Tenhunen; An Efficient Dynamic
Multicast Routing protocol for Distributing traffic in NoC, in Proc.
of DATE Conference, April 2009

 

 

  
 191. Masoud Daneshtalab, Masoumeh Ebrahimi, Sreejesh S Nair, Pasi

Liljeberg and Hannu Tenhunen; Efficient Network Interface
Architectures for Network-on-Chips, in Proc. of 27th IEEE NORCHIP
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192. Khalid latif, Tiberie Seceleanu, Hannu Tenhunen; Multicast

Protocol for Segbus Platform, in Proc. of 27th IEEE NORCHIP   
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  !"��#$%&'(�)$*(+%,-�)./0$.*�10+020%,*-�3%,,*�)0,4*,0,-�5'4%,�6.2.*("7)'8%$9(�%�#0(.&,�:0;4'9'2'&<�='$�:*2;.>$'+0(('$�?2%;='$@(A�BC:?1DBEFG� HHIJ�KIKLKIM"  I"��?0NN%�O%,;%2%-�5'*,.�P('%4'-�3%,,*�)0,4*,0,"�7Q'R02�D&0,;LS%(09:%,%&0@0,;�='$�T%*2;L)'20$%,+0�.,�Q0;8'$NL',LB4.>A"�#1#� HHIJ�KKFLKKK"  M"� �?0NN%�O%,;%2%-�5'*,.�P('%4'-�3%,,*�)0,4*,0,"�AD&0,;LS%(09O0+',=.&*$%/.2.;<�='$�T%*2;L)'20$%,+0�.,�Q0;8'$NL',LB4.>A"�UO1D HHIJ� HIL FH"  V"��:%W.9�S%&4%0.�Q0W%9-�X4*'�X'*-�3%,,*�)0,4*,0,-�6.LO',&�X40,&"�ADQ'R02�?%((.R0�)%&�8.;4�D(<@@0;$.+�Y.$020((�6.,N�='$�OTP#�%,9�Y1QD>>2.+%;.',(A"�P1BD1� HHIJ�FKVZLFKV! ZH"��U"�#*/$'R%-�:"�)0(20,N'-�%,9�3"�)0,4*,0,-�7D�+'@>*;%;.',%2�@'902/%(09�',�$%,9'@�S''20%,�,0;8'$N(-A�.,�?$'+009.,&(�'=�SPCQU)PB1[ HHI-ES*9%>0(;-�3*,&%$<G-�#0+0@/0$� HHI" ZF"��:"�)0(20,N'-�U"�#*/$'R%-�%,9�3"�)0,4*,0,-�7TPOU8'$NJ�O09*,9%,+<.90,;.=.+%;.',�%,9�$0@'R%2�='$�2%$&0�+'@/.,%;.',%2�+.$+*.;(-A�.,?$'+009.,&(�'=�P,;0$,%;.',%2�Y'$N(4'>�',�6'&.+�1<,;40(.(-�PUUU-�5*,0 HHI" Z "��O'(4%,Y00$%(0N0$%-�6.LO',&�X40,&-�#.,0(4�?%@*,*8%-�%,9�3%,,*)0,4*,0,-� \U];0,9.,&� 1<(;0@(L',LB4.>� ;'� ;40� )4.$9� #.@0,(.',J?0$='$@%,+0-�B'(;�%,9�)0+4,'2'&.+%2�)$%90'==(\-�.,�?$'+009.,&(�'=;40�PUUÛDB:�.,;0$,%;.',%2�+',=0$0,+0�',�B'@>*;0$L%.909�90(.&,-�PUUU?$0((-�Q'R0@/0$-� HHI-�>>"� F L FV" ZZ"��O'(4%,�Y00$%(0N0$%-�6.LO',&�X40,&-�#.,0(4�?%@*,*8%-�%,9�3%,,*)0,4*,0,-�\U%$2<�(020+;.',�'=�(<(;0@�.@>20@0,;%;.',�+4'.+0�%@',&1'B-�1'?�%,9�ZL#�P,;0&$%;.',\-�PUUU�P,;0$,%;.',%2�1<(;0@L',LB4.>B',=0$0,+0-10>;0@/0$-� HHI-�>>"FMILFVH" Z_"��O'(4%,�Y00$%(0N0$%-#.,0(4�?%@*,*8%-�6.LO',&�X40,&�%,9�3%,,*)0,4*,0,-� \#02%<LS%2%,+09� 1@%$;LO0>0%;0$(� ='$� ',L+4.>� 2̀'/%21.&,%2.,&\-�R2(.9-�>>"�ZHMLZFZ-� H;4�P,;0$,%;.',%2�B',=0$0,+0�',a61P�#0(.&,�4029�W'.,;2<�8.;4�!;4�P,;0$,%;.',%2�B',=0$0,+0�',U@/09909�1<(;0@(�Ea61P#bHIG-� HHI" ZK"��:"�S%&4%0.�Q0W%9-�3"�)0,4*,0,-�%,9�6"LO"�X40,&-�\?'80$�:%,%&0@0,;%,9�B2'+N�̀ 0,0$%;'$�='$�%�Q'R02�?%((.R0�cYS�)%&-\�.,�P,;0$,%;.',%21<@>'(.*@�',�1<(;0@L',LB4.>-� HHI-�>>"�M LMK" Z!"��1"�:"�#%R.9-�:"�S%&4%0.LQ0W%9-�3"�)0,4*,0,-�%,9�6"LO"�X40,&-�\6'8?'80$�)*,%/20�B:C1�PLcYS�)$%,(@.;;0$�#0(.&,-\�.,�PUUU� HHI�Q'$+4.>-FVL H�Q'R0@/0$� HHI"�" ZI"��d"�Q.*-�:"�S"�Q0W%9-�3"�)0,4*,0,-�%,9�6"LO"�X40,&-�\#0(.&,�'=�%#.&.;%2�S%(0/%,9�?$'+0(('$�='$�cYS�)$%,(+0.R0$�',�OTP#�)%&-\�.,D9R%,+09�P,='$@%;.',�Q0;8'$N.,&�%,9�D>>2.+%;.',(�Y'$N(4'>(-� HHI-DPQDY�bHI"� F(;�P,;0$,%;.',%2�B',=0$0,+0�',-� HHI-�>>"�ZKMLZ!F"�"
45



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� �����

 !"#��$#�$%&'�(#�)*+,*-./0-1*2'�3#�4-5,&5-5'�6#/7#�$,-5+#�8)*9-:*52;-9.+5�<%=�>*99.?-�@-A./BC)�C.=-D-99�@-59%=�*52�E2-5F.<.G*F.%5@H9F-A9I'�EJJJ�E5F-=5*F.%5*D�@%K�K%5<-=-5G-�@%KKLMN'�@-O#� MMN# !P#��(#�)*+,*-./0-1*2'�$#�$%&'�;#�@#�(-52%Q*'�3#�4-5,&5-5'�6#/7#�$,-5+#8J5*:D.5+�B:.R&.F%&9�C.=-D-99�@-59.5+�:H�*�0%?-D�7SE;/)*9-2�BC)(%2&D-I'�S.=9F�E5F-=5*F.%5*D�JB7T@E>�C%=U9,%O�%5�7SE;�4-G,5%D%+H'@-O#� V/ W'� MMN#�# VM#��7%9,*5�C--=*9-U-=*'�T:=*,*A�4*=-U-�C%D2-+.%=+.9'�)%F*%�@,*%'�@*&D7%2=.+&-Q�;&-5*9'6./7%5+�$,-5+'�>-F-=�6.52:-=+'�C-=5-=�$*OU*�*523*55&�4-5,&5-5'�IJD-GF=.G*D�K,*=*GF-=.Q*F.%5�%<�E5U/X-F�>=.5F-2E5F-=G%55-GF9�%5�>D*9F.G�<%=�6%Y/K%9F�7SE;I�TGG-OF-2�<%=�F,-O&:D.G*F.%5�.5�EKEE@ MMN'�� MMN#�Z[[\���������������������������������������������������������������4%O V]#��J#�;&:=%?*'�3#�4-5,&5-5'�T�;H5*A.G�0-FY%=U�(%2-D�<%=�0*5%9G*D-@H9F-A9'�J&=%O-*5�0*5%@H9F-A9̂ MMN'�;-G-A:-=�!/V'� MMN#�# V #��T2*A�@F=*U�*52�3*55&�4-5,&5-5'�8T5*DH9.9�%<�4.A.5+�X.FF-=�.5E5?-=F-=9�E52&G-2�:H�>%Y-=/@&OODH�0%.9-I'�.5�O=%G--2.5+9�%<�F,-�EJJJE5F-=5*F.%5*D�K%5<-=-5G-�%5�;-9.+5�_�4-9F�%<�E5F-+=*F-2�@H9F-A9�.50*5%9G*D-�4-G,5%D%+H�̀ ;4E@a'�OO#�W!�/�Wb'�4&5.9'�4&5.9.*'�@-OF-A:-= MMb# V!#��T2*A�@F=*U�*52�3*55&�4-5,&5-5'�8E5?-9F.+*F.%5�%<�4.A.5+�X.FF-=�.50T0;�*52�0c7�d*F-9�E52&G-2�:H�>%Y-=/@&OODH�0%.9-I'�.5�O=%G--2.5+9�%<F,-�EJJJ�E5F-=5*F.%5*D�K%5<-=-5G-�%5�JD-GF=%5.G9'�K.=G&.F9�*52@H9F-A9�̀EKJK@a'�OO#�]]bM�/�]]b!'�0.G-'�S=*5G-'�;-G-A:-=� MMb# VV#��T2*A�@F=*U�*52�3*55&�4-5,&5-5'�8>%Y-=/@&OODH�0%.9-�TFF=.:&F-24.A.5+�X.FF-=�.5�0%5%?-=D*OO.5+�KD%GU�d-5-=*F.%5�K.=G&.F9I'�.5O=%G--2.5+9�%<�F,-�WF,�EJJJ�;*DD*9�K.=G&.F9�*52�@H9F-A9�C%=U9,%O;̀KT@a'�OO#�V!/Vb'�;*DD*9'�4-e*9'�cGF%:-=� MMb# VW#��(#�4-9D-5U%'�J#�;&:=%?*'�*52�3#�4-5,&5-5'�8T5�-<<.G.-5F�*D+%=.F,A<%=�G%AO&F.5+�G%AA%5�2%&:D-/?-=F-e�2%A.5*F%=9'I�.5�>=%G--2.5+9�%<F,-�E5F-=5*F.%5*D�@HAO%9.&A�%5�TOOD.-2�K%AO&F.5+�̀ ET;E@L MMba'�OO#!VfV '� MMb# Vb#��X.*5�6.&'�7%9,*5�C--=*9-U-=*'�6./7%5+�$,-5+�*52�3*55&�4-5,&5-5'gJeOD%=*F.%5�%<�T&F%5%A%&9�J==%=/4%D-=*5F�̀ TJ4a�K-DD&*=�0-FY%=U9�.5@H9F-A/%5/*�>*GU*+-�̀ @%>a�<%=�S&F&=-�0*5%9G*D-�JD-GF=%5.G�@H9F-A9g'EKEE@  Mb'�>-=*2-5.H*'�@=.�6*5U*# VN#��7%9,*5�C--=*9-U-=*'�;.5-9,�>*A&5&Y*'�6./7%5+�$,-5+�*52�3*55&4-5,&5-5'�g(.5.A&A/>%Y-='�;-D*H/)*D*5G-2�;=.?-=9�<%=�.5F-=G%55-GF9.5�F,-�0*5%A-F-=�7-+.A-g'�@6E>̂Mbh�>=%G--2.5+9�%<�F,-�.5F-=5*F.%5*DY%=U9,%O�%5�@H9F-A/D-?-D�.5F-=G%55-GF�O=-2.GF.%5'�(*=G,�V/W'�d-=A*5'>*+-9�]]!/] M# V"#��4.:-=.&�@-G-D-*5&'�Te-D�X*5F9G,�*52�3*55&�4-5,&5-5#�c5/K,.O;.9F=.:&F-2�T=G,.F-GF&=-9#�E5�4,-�EJJJ�E5F-=5*F.%5*D�@HAO%9.&A�%5
46



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� �����

 !"#$%&'(&)*+,�- .)�/00123� $,�/0014�4/564��74�89:*9$+�;$<9=3�>4�?$(*@($(3�9(=�A4&B4�C*$(:3�D)*+,&E9FG9:$�9(=H(#$((9�)'&I$"+:(�'J�9�?@(9KL$�MN8�?O9("%+##$O�+(� !"#$%&'(&E9FG9:$P+#*�.(&)*+,�Q$O"@"�.JJ&)*+,�E9""+Q$"3D�+(�RL$F#O'(+F"� !"#$%+(#$:O9#+'(�?$F*('L':!�)'(J$O$(F$3�/0014�S"#3�/0013�,,4�/6S&/6T4�4/U04��C4�A+&B'(:3�74�84�;$<9=3� 4�B'=O+:@$V3�C4�A@3�)4�)9+O'(:3�9(=�>4?$(*@($(3�D !"#$%&'(&JL$W+KL$&"@K"#O9#$"X�$L$F#O'(+F"�J'O�J@#@O$"%9O#&+(#$LL+:$(#�P'OL=3D�+(�>+:*�I$("+#!�7+FO'"!"#$%�I$"+:(�9(=E9FG9:+(:�9(=�)'%,'($(#�Y9+L@O$�H(9L!"+"3�/0014�>IEZ014�)'(J$O$(F$'(3�/0013�,,4�/6&[14�4/US4��C4�A+&B'(:3�I4�\+(V*'(:3�84�;4�79<+=3�B4� 9@L3�74�]"%9+L3�9(=�?4>9((@3�D.(&)*+,�Q$O"@"�.JJ&)*+,�E9""+Q$"�+(�B9=+'�9(=�7+W$=& +:(9L !"#$%&'(&E9FG9:$� I$"+:(3D� +(� RL$F#O'(+F"�  !"#$%� +(#$:O9#+'(?$F*('L':!�)'(J$O$(F$3�/0014�S"#3�/0013�,,4�//S&/[/4/U/4��79<+=�89:*9$+�;$<9=3�)9+O'(:�)*$(3�>9((@�?$(*@($(3�9(=�A+&B'(:C*$(:4�H(�+(('Q9#+Q$�"$%+&@PK�,9""+Q$�#O9(",'(=$O�J'O�P+O$L$"""$("'O�9(=�OJ+=�9,,L+F9#+'("4�](�](#$O(9#+'(9L�)'(J$O$(F$�'(](=@"#O+9L�9(=�](J'O%9#+'(� !"#$%"�-])]] 23�H@:@"#�/0014/U[4��R4�I@KO'Q9�9(=�>4�?$(*@($(4�H�F'%,@#9#+'(�"F*$%$�K9"$=�'(�G9@JJ%9(($#P'OG"4� ](� ](#$O(9#+'(9L�  !%,'"+@%� '(� H,,L+$=� )'%,@#+(:-]HI] Z/00123�Y$KO@9O!�/0014/U54��̂ 9"9O�H%+(3�>9((@�?$(*@($(3�9(=�A+&B'(:�C*$(:4�8L@$,O+(#�9(=+(#$:O9#+'(�'J�Q9"#L!�$JJ+F+$(#�T0/4SS9�PL9(�JO'(#&$(=4�N RH ?O9("9F#+'("�'J�RL$F#O'(+F"3�[-52X/UT3�/0014/UU4��R4�I@KO'Q93�>4�?$(*@($(3�H�)'%,@#9#+'(9L� F*$%$�89"$=�'(�B9(='%8''L$9(�;$#P'OG"�'(�#*$�)O+#+F9L�A+($3�EO'F$$=+(:"�'J�](#$O(9#+'(9L !%,'"+@%�'(�H,,L+$=�)'%,@#+(:�-]HI] Z/00123�Y$KO@9O!�/U&/T3�/0013,,4�/_[&/TS4/U14��?4 $F$L$9(@3�>4�?$(*@($(�$#49L4�7@L#+F'O$�EO'F$""+(:�9(=�HB?R7] 4] ?�/001�)'(J$O$(F$4/U_4��H(9�B@"@3�HL$W$+�8'O'=$(G'Q3�7'*9%%$=�]"%9+L3�9(=�>9((@�?$(*@($(4H�#O+,L$&%'=$�"+:%9&=$L#9�%'=@L9#'O�J'O�%@L#+&"#9(=9O=�P+O$L$""O9=+'�O$F$+Q$O"4�̀ '@O(9L�'J�H(9L':�)+OF@+#"�9(=� +:(9L�EO'F$""+(:aL@P$O�HF9=$%+F�E@KL+"*$O"3�]""@$�/3�,,4�SS[&S/53�/0014�bccd���������������������������������������������������������������?',/UT4� �RL$(9�I@KO'Q93�79W+%�?$"L$(G'3�>9((@�?$(*@($(4�e)'%,@#+(:9##O9F#'O"�+(�=!(9%+F�($#P'OG"f4�]HI] �H)�/00UX�U[U&U5/4/U64��7$+:$(� *$(3�A+&B'(:�C*$(:3�R"9�?<@G9('JJ3� '̀@(+�]"'9*'3�>9((@?$(*@($(4�e)9"$�"#@=!�'J�+(#$OF'(($F#�9(9L!"+"�J'O�"#9(=+(:�P9Q$'"F+LL9#'O�=$"+:(f4�] )H �-S2�/00UX�5U1&5U64/104��\+(V*'(:�I@'3�A+&B'(:�C*$(:3�7'*9%%$=�]"%9+L3�>9((@�?$(*@($(4�eHF'(F@OO$(#�%@L#+&K9(=�A;H�J'O�%@L#+&"#9(=9O=�O9=+'"f4�] )H �-52
47



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� �����

 !!"#�$%& '$%&"( )*(��+,-.,/�01,/2�3-'45/.�61,/.2�789�:;<=9/5>>2�?5</-�@859152�A9//<:,/1</,/(� BC5/D<EE,/F� C1-G� H9D=9.,� I,8-./� >5E� JK5L9K� CK5D=I-8FE-L<F-5/�M,FN5E=�O8-/.�0F9/P-/.�Q9R,�SGGE59D1T(�@0U7I� !!"#�"V$'"V&( ) (��S/9�4<8<2�+519WW,P�@8W9-K2�A9//<�:,/1</,/(�BS�+5P->-,P�C98D9P,P0-.W9'I,KF9�+5P<K9F5E�N-F1�@WGE5R,P�3-/,9E-FXT(�@0Y30@� !!"#�VV'& ( )$(��Z(I<52�3('4(61,/.2�+(@8W9-K2�A(:,/1</,/2�BS�C5/D<EE,/F�+<KF-'[9/P�3MS>5E�+<KF-'0F9/P9EP�49P-582T� !!"�@777�@/F,E/9F-5/9K�0XWG58-<W�5/�C-ED<-F89/P�0X8F,W82�GG($%& '$%&"2�+9X( !!"( )\(��Z(�I<52�+(�01,/2�3('4(�61,/.2�+(�@8W9-K�9/P�A(�:,/1</,/(�BS�0,K>'H5N,E,PC+]0�OQ[�:E9/8G5/P,E�>5E�H988-R,�4̂@I�0X8F,W8T(�0N,P-81�0X8F,W'5/'C1-GC5/>,E,/D,� !!"2�0N,P,/2�SGE(*&'*%2� !!"( )"(��Z(I<52�3('4(�61,/.2�+(�@8W9-K2�A(�:,/1</,/�B[E59PL9/P�C+]0�3MS8�>5E�@4'OQ[�4,D,-R,E2T�HE5D(�@777� $F1�M5ED1-G�C5/>,E,/D,2�]<K<2� -̂/K9/P2�M5R( !!"( ))(��+(�:,8K,/=52�7(�I<LE5R92�9/P�A(�:,/1</,/2�BC5WG<F-/.�9�G,E>,DF�-/G<F988-./W,/F� >5E� GE5L9L-K-8F-D� R,E->-D9F-5/2T� -/� HE5D,,P-/.8� 5>� Y30@C-ED<-F8�9/P�0X8F,W8�@@2�R5K(�"&$V2�GG(�% %_%$)2�?</,� !!"( )V(��45819/�Q,,E98,=,E92�3-'45/.�61,/.2�I-/,81�H9W</<N9�9/P�A9//<�:,/1</,/20̀N-FD1-/.�8,/8-F-R,�-/F,ED5//,DF�IE-R,E�F5�C5WL9F�IX/9W-D�I,K9X�-/�5/'C1-G�[<8,8̀�*"F1�@/F,E/9F-5/9K�Q5E=815G2�HS:+]0� !!"2�3,<R,/2�[,K.-<W20,GF,WL,E� !' $2� !!"( )&(��45819/�Q,,E98,=,E92�?-9/�3-<2�3-'45/.�61,/.�9/P�A9//<�:,/1</,/2� S̀M9/5D5E,aC+]0�AXLE-P�0X8F,W'5/'H9D=9.,�b05Hc�SED1-F,DF<E,�>5E� <̂F<E,M9/5,K,DFE5/-D�0X8F,W82̀�A-.1�I,/8-FX�+-DE58X8F,W�I,8-./�9/P�H9D=9.-/.�9/PC5WG5/,/F� 9̂-K<E,�S/9KX8-82� !!"�C5/>,E,/D,�5/�2�R5K(2�/5(GG(*'\2�?</, !!"( )%(��:,,W<�H,KF5/,/2�+,-.,/�01,/2�:,E5�d5-R-8F52�Z-/e15/.�I<52�789:;<=9/5>>2�3-'45/.�61,/.�9/P�A9//<�:,/1</,/(�S�!(*&<W�C+]0�OKFE9Q-P,L9/P�35N'M5-8,�SWGK->-,E�N-F1�A-.1�@@H$(�@/�:1,�VF1�@777�CH+:C5/>,E,/D,�5/�A-.1�I,/8-FX�+-DE58X8F,W�I,8-./�9/P�H9D=9.-/.�9/PC5WG5/,/F�̂9-K<E,�S/9KX8-82�?</� !!"(� V!(��+,-.,/�01,/2�3-'45/.�61,/.2�789�:;<=9/5>>2�?5</-�@85915�9/P�A9//<:,/1</,/(�C5/D<EE,/F�C1-G'H9D=9.,�I,8-./�>5E�*!�JAe�JK5L9K�CK5D=I-8FE-L<F-5/(�@/�:1,�""F1�7K,DFE5/-D�C5WG5/,/F8�9/P�:,D1/5K5.XC5/>,E,/D,�b7C:C'!"c2�?</� !!"( V*(��?5</-�@859152�H,==9�49/F9K92�:,E5�M<EW-�9/P�A9//<�:,/1</,/(�M,NC5<E8,�5/�C5WG<F9F-5/9K�HK9F>5EW8�F5N9EP8�M9/5'0D9K,�0X8F,W8(�@/HE5D,,P-/.8�5>�F1,� $EP�@777�M5ED1-G�C5/>,E,/D,�bM]4CA@H'!"c2�S<. !!"(� V (��+,-.,/�01,/2�:,E5�d5-R-8F52�:,,W<�H,KF5/,/2�789�:;<=9/5>>2�3-'45/.61,/.�9/P�A9//<�:,/1</,/(�OQ[�49P-5�+5P<K,�I,8-./�>5E�Q-E,K,88@/F,KK-.,/F�0X8F,W8�'�>E5W�0G,D->-D9F-5/8�F5�@WGK,W,/F9F-5/(�@/�:1,VF1�@777�CH+:�C5/>,E,/D,�5/�A-.1�I,/8-FX�+-DE58X8F,W�I,8-./�9/PH9D=9.-/.�9/P�C5WG5/,/F�̂9-K<E,�S/9KX8-8�bAIH'!"c2�?</� !!"(
48

4/27/22, 10:52 PM https://people.kth.se/~hannu/Publications.htm

2005: 3982-3985.

 261. Meigen Shen, Li-Rong Zheng, Esa Tjukanoff, Jouni Isoaho, Hannu
 

   
Tenhunen. “Concurrent Chip Package Design for Global Clock
Distribution Network Using Standing Wave Approach”. ISQED 2005: 573-
578.

 262. Ana Rusu, Mohammed Ismail, Hannu Tenhunen. “A Modified Cascaded

Sigma-Delta Modulator with Improved Linearity”. ISVLSI 2005: 77-82.

 
   
 

 
263. X.Duo, L.-R.Zheng, M.Ismail, H.Tenhunen, “A Concurrent Multi-Band LNA

for Multi-Standard Radios,” 2005 IEEE International Symposium on Circuits
and Systems, pp.3982-3985, May.2005.

 
   
 

264. X. Duo, M. Shen, L.-R. Zheng, M. Ismail and H. Tenhunen. “A Self-Powered
CMOS UWB Transponder for Passive RFID Systems”. Swedish System-on-Chip
Conference 2005, Sweden, Apr.18-19, 2005.

265. X.Duo, L.-R. Zheng, M. Ismail, H. Tenhunen “Broadband CMOS LNAs for IR- 
   
 

 

UWB Receiver,” Proc. IEEE 23th Norchip Conference, Oulu, Finland, Nov.
2005.

266. M. Teslenko, E. Dubrova, and H. Tenhunen, “Computing a perfect input
assignment for probabilistic verification,” in Proceedings of VLSI
Circuits and Systems II, vol. 5837, pp. 929-936, June 2005.

267. Roshan Weerasekera, Li-Rong Zheng, Dinesh Pamunuwa and Hannu Tenhunen,
"Switching sensitive interconnect Driver to Combat Dynamic Delay in on-
Chip Buses" 15th International Workshop, PATMOS 2005, Leuven, Belgium,
September 20-23, 2005.

268. Roshan Weerasekera, Jian Liu, Li-Rong Zheng and Hannu Tenhunen, "A
Nanocore/CMOS Hybrid System-on-Package (SoP) Architecture for Future
Nanoelectronic Systems," High Density Microsystem Design and Packaging and
Component Failure Analysis, 2005 Conference on , vol., no.pp.1-4, June
2005.   

269. Teemu Peltonen, Meigen Shen, Tero Koivisto, Xinzhong Duo, Esa
Tjukanoff, Li-Rong Zheng and Hannu Tenhunen. A 0O.18um CMOS Ultra
Wideband Low-Noise Amplifier with High P3. In The 7th IEEE CPMT
Conference on High Density Microsystem Design and Packaging and
Component Failure Analysis, Jun 2005.

  

    
 

 

 
 270. Meigen Shen, Li-Rong Zheng, Esa Tjukanoff, Jouni Isoaho and Hannu

Tenhunen. Concurrent Chip-Package Design for 10 GHz Global Clock
Distribution. In The 55th Electronic Components and Technology
Conference (ECTC-05), Jun 2005.

 

   

    

271. Jouni Isoaho, Pekka Rantala, Tero Nurmi and Hannu Tenhunen. New

Course on Computational Platforms towards Nano-Scale Systems. In
Proceedings of the 23rd IEEE Norchip Conference (NORCHIP-05), Aug
2005.

272. Meigen Shen, Tero Koivisto, Teemu Peltonen, Esa Tjukanoff, Li-Rong
Zheng and Hannu Tenhunen. UWB Radio Module Design for Wireless
Intelligent Systems - from Specifications to Implementation. In The
7th IEEE CPMT Conference on High Density Microsystem Design and
Packaging and Component Failure Analysis (HDP-05), Jun 2005.

 

   

   

 

https://people.kth.se/~hannu/Publications.htm 43/93

48



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� �����

 !"#��$%&'%(�)*%(+�,%-.�/.&0&12.+�,%%34�5%62.(%(+�718�,94:8(.;;+�<&=>.('?*%('�8(@�A8((4�,%(*4(%(#�BCD�>8@&.�$.@46%�E%1&'(�;.-�C&-%6%11)%(1.-�F%2G.-:1#�H(�5-.I%%@&('1�.;�2*%� "-@�H777�F.-I*&J�K.(;%-%(I%LFM>KAH5=NOP+�F.0� NNO# !Q#��$%&'%(�)*%(+�,%-.�/.&0&12.+�,%%34�5%62.(%(+�718�,94:8(.;;+�<&=>.('?*%('�8(@�A8((4�,%(*4(%(#�BCD�,-8(I%&0%-�K&-I4&21�E%1&'(�;.-�C5RFRJJ6&I82&.(1#�H(�H(2%-(82&.(86�)S3J.1&43�.(�)&'(861+�K&-I4&21�T)S12%31�LH))K)=NOP+�U46� NNO# !O#��5#�V8-3+�7#�E4W-.08+�8(@�A#�,%(*4(%(#�<.'&I�.J2&3&X82&.(�2%I*(&Y4%;.-�3.6%I468-�(8(.%6%I2-.(&I1#�H(�5-.I%%@&('1�.;�)5H7�F8(.2%I*(.6.'SHHP+�J8'%1�ZO=[NQ+�U4(%� NNO# !\#��<&=>.('�?*%('+�$%&'%(�)*%(+�]&(X*.('�E4.+�8(@�A#�,%(*4(%(#�)S12%3=.(=I*&J�0%-141�1S12%3=.(=J8I:8'%�1.642&.(1#�H(�5-.I#�.;�H777�OO2*76%I2-.(&I�K.3J.(%(2�8(@�,%I*(.6.'S�K.(;%-%(I%+�V6.-&@8+�B)R+�$8S NNO# !!#��R(8�>414+�D8W&28�>.16&(@+�$#�H138&6+�8(@�A#�,%(*4(%(#�<&(%8-&2S%(*8(I%3%(2�&(�8�I.(;&'4-8W6%�1&'38=@%628�3.@4682.-#�H(�H777�F7CKR) NNO+�J8'%1� O= ̂+�_4%W%I+�K8(8@8+�U4(%� NNO# !̂#��R(8�>414+�E%6&8�>.@-&'4%X�@%�<6%-8�̀ .(X86%1+�$#�H138&6+�8(@�A#,%(*4(%(#�,*%�@%1&'(�.;�8�6.G=@&12.-2&.(�1&'38=@%628�REK�;.-�G68(128(@8-@1#�H(�H777�H))K)� NNO+�J8'%1�O[[=O[Q+�H81&+�>.38(&8+�U46S NNO# !Z#��U&8(�<&4+�>.1*8(�C%%-81%:%-8+�<&=>.('�?*%('+�8(@�A8((4�,%(*4(%(#F8(.�1I86%�842.(.3.41�%--.-=2.6%-8(2�L8%2P�I%66468-�(%2G.-:#�H(,%I*(&I86�5-.I%%@&('1�.;�2*%� NNO�F8(.2%I*(.6.'S�K.(;%-%(I%�8(@,-8@%�)*.G+�F8(.2%I*� NNO+�J8'%1�!Q̂=!O[+�K86&;.-(&8+�B)R+� NNO# ̂N#��U&8(�<&4+�>.1*8(�C%%-81%:%-8+�<&=>.('�?*%('+�8(@�A8((4�,%(*4(%(#F8(.I.-%aI3.1� *SW-&@� 1S12%3=.(=J8I:8'%� L1.JP� 8-I*&2%I24-%� ;.-842.(.3.41�%--.-=2.6%-8(2�L8%2P�I%66468-�8--8S�(%2G.-:#�H(�O2*�H777K.(;%-%(I%�.(�F8(.2%I*(.6.'S+�F8'.S8+�U8J8(+� NNO# ̂[#��$%&'%(�)*%(+�<#=>�?*%('+�8(@�A#�,%(*4(%(#�K.(I4--%(2�I*&J�J8I:8'%@%1&'(�;.-�'6.W86�I6.I:�(%2G.-:�41&('�128(@&('�G80%�8JJ-.8I*#�H(5-.I#�.;�2*%�O2*�H(2%-(82&.(86�)S3J.1&43�.(�_486&2S�76%I2-.(&IE%1&'(�LH)_7E� NNOP+�)8(�U.1%+�B)R+�$8-I*�  = Q� NNO# ̂ #��U.4(&�H1.8*.+�5%::8�>8(2868+�,%-.�F4-3&�8(@�A8((4�,%(*4(%(#�F%GK.4-1%�.(�K.3J4282&.(86�5682;.-31�2.G8-@1�F8(.=)I86%�)S12%31#�H(5-.I%%@&('1�.;�2*%� "-@�F.-I*&J�K.(;%-%(I%�LFM>KAH5=NOP+�R4'� NNO ̂"#� � $%&'%(� )*%(+� <#=>#� ?*%('+� 8(@� A#� ,%(*4(%(#� 5-%@&I28W6%&(2%-I.((%I2�@%1&'(�;.-�*&'*�1J%%@�I&-I4&21#�H(�5-.I#�.;�2*%� NNOH777�H(2%-(82&.(86�)S3J.1&43�.(�K&-I4&21�8(@�)S12%31�LH)KR)� NNOP+/.W%+�U8J8(+�$8S� "= \� NNO# ̂Q#��$%&'%(�)*%(+�<#=>#�?*%('+�8(@�A#�,%(*4(%(#�K.(I4--%(2�I*&J�J8I:8'%@%1&'(�;.-�[N�̀ AX�'6.W86�I6.I:�@&12-&W42&.(#�H(�5-.I#�.;�2*%� NNOH777�76%I2-.(&I�K.3J.(%(21�8(@�,%I*(.6.'S�K.(;%-%(I%�L7K,K�NOP+�<8:%D4%(8�b&128+�B)R+�$8S�"[=�U4(%�"� NNO#
49



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� �
���

� !!"���������������������������������������������������������������#$%&'()��*+,-./0�1$23.+4.-56�7/++8�#.+38+.+)�9:.-;$-</+=.�/+/>?0@0�$;0/<%>@+5�0A@2=3.0�@+�B$>2/5.�/+,�;-.C8.+=?�,$</@+0�80@+5�D$>2.--/0.-@.0E)�FGH*G�IJK�&LLMN�OP(QOP')&'P)��R@+S3$+5�T8$6�U@QV$+5�W3.+56�7/++8�#.+38+.+)�9VX�-$4802+.00.+3/+=.<.+2�23-$853�02/2@02@=/>�/+/>?0@0�$;�=3@%�%/=Y/5.�=$Q,.0@5+E)FGH*G�IJK�&LLMN�Z''QZZJ)&'O)� � [.@5.+� G3.+6� U@QV$+5� W3.+56� 7/++8� #.+38+.+)� 9V$4802+.00\+3/+=.<.+2� 23-$853� H3@%Q:/=Y/5.� H$QT.0@5+� ;$-� 7@53QG%..,\>.=2-$+@=0E)�FG]\T�&LLMN�J'MQJ'Z)&'')��*+/�V8086�*>.̂.@�_$-$,.+Y$B6�[$3/<<.,�F0</@>6�7/++8�#.+38+.+)9T.0@5+�$;�/�:$A.-̀:.-;$-</+=.�\;;@=@.+2�G@+5>.QU$$%�G@5</QT.>2/[$,8>/2$-�;$-�a@-.>.00�V.=.@B.-0E)�:*#[bG�&LLMN�(PMQ(Oc)&'Z)��R)T8$6�U)QV)W3.+56�[)F0</@>6�7)#.+38+.+6�9*+/>?0@0�$;�U$00?:/=Y/5@+5�:/-/0@2@=0�;$-�H$<<$+�\<@22.-�Ud*�@+�G?02.<Q$+Q:/=Y/5.6EJc23�#$%@=/>�[..2@+5�$+�\>.=2-@=/>�:.-;$-</+=.�$;�\>.=2-$+@=:/=Y/5@+56�%%)O(QO'6�:$-2>/+,6�eG*6�b=2)&LLM)&ZL)��R)T8$6�#)#$-@YY/6�U)QV)W3.+56�[)F0</@>6�7)#.+38+.+6�9b+QH3@%B.-080�b;;QH3@%�:/00@B.0�@+�[8>2@Q_/+,�V/,@$�T.0@5+6E�F\\\�:-$=)cL23�\8-$%./+�G$>@,�G2/2.�H@-=8@20�H$+;.-.+=.6�%%)c&OQccL6�U.8B.+6_.>5@8<6�G.%)&LLM)&ZJ)��#)�#$--@Y/6�R)�T8$6�U)QV)�W3.+56�\)#f8Y/+$;;6�7)�#.+38+.+6�9H3@%Q:/=Y/5.�H$QT.0@5+�$;�/�H$+=8--.+2�Ud*�@+�G?02.<Q$+Q:/=Y/5.�;$-[8>2@Q_/+,�V/,@$�*%%>@=/2@$+06E�:-$=)�(M23�\>.=2-$+@=�H$<%$+.+20�/+,#.=3+$>$5?�H$+;.-.+=.6�%%)JP'OQJPZ&6�U/0�D.5/06�eG*6�g8+)&LLM)&Z&)��R)�T8$6�#)�#$-@YY/6�U)QV)�W3.+56�[)�F0</@>�/+,�7)�#.+38+.+6�9b+QH3@%�B.-080�b;;QH3@%�:/00@B.0�@+�[8>2@Q_/+,�V/,@$�T.0@5+6E�GA.,@03G?02.<Q$+QH3@%�H$+;.-.+=.�&LLM6�_h02/,6�GA.,.+6�*%-)JcQJM6�&LLM)&Zc)��R)T8$6�U)QV)W3.+56�[)F0</@>6�7)#.+38+.+6�9*�THQJc17S�Ud*�;$-�ea_VXFT�*%%>@=/2@$+6E�:-$=)�F\\\�&&23�d$-=3@%�H$+;.-.+=.6�%%)&MJQ&MM6b>0$6�d$-A/?6�d$B)&LLM&ZM)��*,/<�G2-/Y�/+,�7/++8�#.+38+.+)�9G8%%-.00@$+�$;�g@22.-�\;;.=20�@+*̀T�H$+B.-2.-0�23-$853�G@5</QT.>2/�G/<%>@+5E)�@+�%-$=..,@+50�$;�23.F\\\�H$<%82.-�G$=@.2?�*++8/>�G?<%$0@8<�$+�DUGF�IFGDUGFK6�%%)�J&J�QJ&P6�U/;/?.22.6�U$8@0@/+/6�X.4-8/-?�&LLM)&Z()��G2.;;.+�*>4-.=326�*,/<�G2-/Y6�i/08/Y@�G8<@6�/+,�[$3/<<.,�F0</@>)9X-.C8.+=?� T.2.=2$-� *+/>?0@0� ;$-� /� a@-.>.00� U*d� X-.C8.+=?G?+23.0@S.-E)�F+�%-$=..,@+50�$;�23.�F\\g�F+2.-+/2@$+/>�*+/>$5�DUGFa$-Y03$%�I*DUGFaK6�%%)�JLP�Q�JJL6�[/=/$6�H3@+/6�b=2$4.-�&LLM)&ZP)� �V$03/+�a..-/0.Y.-/6�U@QV$+5�W3.+56�T@+.03�:/<8+8A/6�7/++8#.+38+.+6�jH-$002/>Y�F<<8+.�F+2.-=$++.=2�T-@B.-�T.0@5+j�G?02.<Q$+QH3@%6�&LLM)�:-$=..,@+50)�&LLM�F+2.-+/2@$+/>�G?<%$0@8<�$+�JPQJ'�d$B)&LLM�:/5.I0KNJcZ�k�JM&)
50



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� ���� 

!"#$��%&'(�)*&+,-.�/0,1�2*&3456.�*&+�7*&&8�9,&68&,&$�:96,�;1*3<(-=�*4>&3,-<*5,�>&�*�)(?�+,4>'&�58-->5818=@$�%&�A-(5,,+>&'4�(<�36,�B3C8-(;,*&�D(-E4(;�(&�F>5-(,1,53-(&>54�C+85*3>(&.�/;->1�!GGH$!"I$��J>&K6(&'�L8(.�9(==>�9(->EE*.�M>NO(&'�P6,&'.�F(6*==,+�%4=*>1.�7*&&89,&68&,&� *&+� C4*� 9Q8E*&(<<$� /� L?NRS� T7K� MU/� <(-� VDW� OX%L/;;1>5*3>(&4$�%&�96,�!!&+�%CCC�UYO?7%A�?(&<,-,&5,.�Y41(�U(-Z*[.�U(\!GGH$�!""$��9(==>�9(->EE*.�J>&K6(&'�L8(.�M>NO(&'�P6,&'.�C4*�9Q8E*&(<<�*&+7*&&8�9,&68&,&$�?6>;NA*5E*',�?(NL,4>'&�(<�*�?(&58--,&3�MU/�>&)[43,=N(&NA*5E*',� <(-� F813>NW*&+� O*+>(� /;;1>5*3>(&4$� %&� 96,C1,53-(&>5�?(=;(&,&34�*&+�9,56&(1('[�?(&<,-,&5,�]BH36�C?9?N!GGĤ.281�!GGH$�SGG$��M>�M>�*&+�7$9,&68&,&$�7>'6N1>&,*->3[�)>T,�=>0,-�%?4�<(-�BN_T7KZ>-,1,44�*;;1>5*3>(&4$�%&�%CCC�%&3,-&*3>(&*1�F>+Z,43�)[=;(4>8=�(&?>-58>34�*&+�)[43,=4�]FD)?/)�!GGĤ.�2*;*&.�281[�!GGH$SGR$��J>&K6(&'�L8(.�M$O$�P6,&'.�F$�%4=*>1.�*&+�7$�9,&68&,&$�Y&N56>;\,-484�(<<N56>;�;*44>\,4�*&*1[4>4�>&�-*+>(�*&+�=>0,+N4>'&*1�4[43,=N(&N;*5E*',�+,4>'&$�%&�A-(5$�_36�?AF9�?(&<,-,&5,�(&�7>'6�L,&4>3[F>5-(4[43,=�L,4>'&�*&+�A*5E*'>&'�*&+�?(=;(&,&3�X*>18-,�/&*1[4>4.)6*&'6*>.�?6>&*.�28&�!GGH$SG!$��M>�M>�*&+�7$9,&68&,&$�7>'6N1>&,*->3[�)>T,�BN_T7K�=>5-(=>0,-�%?$�%&%CCC�%&3,-&*3>(&*1�D(-E46(;�(&�D>-,1,44�?>-58>34�*&+�)[43,=4]D(D?/)̂�!GGH.�̀*&5(8\,-.�?*&*+*.�F*[�!GGH$SGS$��/&*�O848.�W$O(41>&+�2(4,.�F$�%4=*>1.�*&+�7$�9,&68&,&$�/�+8*1Na*&+4>'=*N+,13*�=(+81*3(-�<(-�'4=bZ5+=*�-,5,>\,-4$�%&�A-(5,,+>&'4�(<%&3,-&*3>(&*1�?(&<,-,&5,�(&�L,4>'&�(<�?>-58>34�*&+�%&3,'-*3,+)[43,=4�L?%)�!GGH.�;*',4�_#SN_#_.�W(-+,*80.�U(\,=a,-�!GGH$SGH$��J>&K6(&'�L8(.�M$O$�P6,&'.�F$�%4=*>1.�*&+�7$�9,&68&,&$�/�+5NRST7K1&*�<(-�8Za�-<>+�*;;1>5*3>(&$�%&�A-(5$�%CCC�U(-56>;�!GGH.�Y14(.U(-Z*[.�U(\�IN"�!GGH$SGB$��2>*&�M>8.�M$NO�P6,&'.�*&+�7$�9,&68&,&$�/�5>-58>3N4Z>356,+�&,3Z(-E*-56>3,538-,�<(-�&,3Z(-EN(&N56>;$�%&�A-(5$�(<�%CCC�%&3,-&*3>(&*1�)Y??(&<,-,&5,�])(??�!GGĤ.�;*',4�BBNBI.�)*&3*�?1*-*.�?*1><(-&>*.�V)/.),;�R!NRB�!GGH$SG_$��2>*&�M>8.�M$NO�P6,&'.�*&+�7$�9,&68&,&$�T1(a*1�-(83>&'�<(-=813>5*43N48;;(-3>&'� 3+=� &,3Z(-EN(&N56>;$� %&� A-(5$� (<� 36,%&3,-&*3>(&*1�)[=;(4>8=�(&�)[43,=N(&N?6>;�])(?�!GGĤ.�9*=;,-,.X>&1*&+.�U(\�R_NRI�!GGH$SG#$��F,>',&�)6,&.�2>*&�M>8.�M$NO�P6,&'.�*&+�7$�9,&68&,&$�?6>;N;*5E*',5(N+,4>'&� <(-� 6>'6� ;,-<(-=*&5,� *&+� -,1>*a>1>3[� (<<N56>;5(==8&>5*3>(&4$�%&�A-(5$�(<�36,�_36�%CCC�?AF9�?(&<,-,&5,�(&�7>'6L,&4>3[�F>5-(4[43,=�L,4>'&�*&+�A*5E*'>&'�*&+�?(=;(&,&3�X*>18-,/&*1[4>4�]7LAcGĤ.�;*',4�SRNS_.�)6*&'6*>.�?6>&*.�28&,�SG�N�281[�S!GGH$
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61

4/27/22, 10:52 PM https://people.kth.se/~hannu/Publications.htm

2000 Top

406. Steffen Albrecht, Xiaopeng Li, Bingxin Li, Costantino Pala,
Yonghong Gao, Mohammed Ismail, and Hannu Tenhunen "A Sigma-Delta A/D
Based Architecture for Multi-Standard Front-End Radio Receivers" in

Proc. Of IEEJ International Analog VLSI Workshop 2000, Stockholm,
Sweden, 2-3 June, 2000.

  

  

 
    

407. Steffen Albrecht, Xiaopeng Li, Bingxin Li, Costantino Pala,
  

    
 

Yonghong Gao, Mohammed Ismail, and Hannu Tenhunen. A Sigma-Delta A/D
based architecture for Multi-Standard Front-End radio receivers. In

International Analog VLSI Workshop 2000, Stockholm, Sweden, June
2000.  

408. Ben Dhaou and H. Tenhunen. Comparison of OFDM and WPM for fourth
generation broadband WLAN. In "X European Signal Processing
Conference", EUSIPCO2000, Tampere, Finland, September 2000.

  

 

 

 409. Ben Dhaou and H. Tenhunen. Energy efficient high speed On-Chip
signaling in deep submicron CMOS technology. In ACM SIGDA
International Workshop on System-Level Interconnect Prediction, San
Diego, April 2000.

   

  

 

410. A. Gothenberg and H. Tenhunen. Analysis of substrate coupled high
speed digital switching noise and its impact on sigma delta noise
shapers. In Portugal-China Workshop on Solid-State Circuits,
Shanghai, China, October 2000.

 

    

411. A. Gothenberg and H. Tenhunen. Analysis of substrate noise
coupling effects on sigma delta noise shapers. In Proc. IEEJ
International Analog VLSI Workshop, pages 43-46, Stockholm, Sweden,
June 2000.

412. A. Gothenberg, E. Soenen, and H. Tenhunen. Modeling and analysis
of substrate coupled noise in pipelined data converters. n IEEE
Southwest Symposium on Mixed-Signal Design, San Diego, CA, USA,
February 2000.

 

  
 

  

 413. Bingxin Li and Hannu Tenhunen. A new cascaded sigma delta
modulator structure using multi-bit quantizers combined with single-
bit feedback. In Proceeding of the 43th Midewest Symposioum on 

Circuits and Systems, Lansing, USA, August 2000.

414. Yutai Ma, Axel Jantsch, and Hannu Tenhunen. A simple state
transition control for FSM programmable protocol processors. In 43rd
IEEE Widwest Symposium on Circuits and Systems, Lansing, USA, August
2000.

 

 

 415. Dinesh Pamunuwa, Li-Rong Zheng, and Hannu Tenhunen. Combating
digital noise in high speed ulsi circuits using binary BCH encoding.
In Proc. of the 2000 IEEE International Symposium on Circuits and
Systems (ISCAS), pages IV 13-16, Geneva, Switzerland, May 2000.

 
   

    
 

416. L. R. Zheng and H. Tenhunen. Fast modeling of core switching noise
on distributed LRC power grid. In Proc. IEEE 2000 Electrical  

https://people.kth.se/~hannu/Publications.htm 56/93

61



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� 
����

 !"#$"%&'(!�$#�)*!(+"$',(� &(-&.!�/!!+,'.0�1($++23&*!0�4",5$'&0�614078889:;<9��=9�>9�?@!'.0�A9�B9�=,0�&'3�C9�D!'@E'!'9�)##,(,!'+�&'3�&((E"&+!%$3!*,'.�$#�F$G!"�2EFF*H�'$,2!�$'�3,2+",IE+!3�$'J(@,F�F$G!"'!+G$"-29�K'� "$(9�K)))�K'+!"'&+,$'&*�1H%F$2,E%�$'�L,"(E,+�&'31H2+!%20�F&.!2�KK�M;NJM;O0�78889:;P9��=9�>9�?@!'.0�Q9� &%E'EG&0�&'3�C9�D!'@E'!'9�4((E"&+!�&�F",$",2,.'&*�,'+!.",+H�!2+,%&+,$'�E2,'.�&�%E*+,*!R!*�3H'&%,(�,'+!"($''!(+%$3!*�#$"�3!!F�2EI%,("$'�S=1K�3!2,.'9�K'� "$(9�7888�)E"$F!�1$*,31+&+!�L,"(E,+�L$'#!"!'(!0�1+$(-@$*%�1G!3!'0�1!F+!%I!"�7888�FF9N7:JN7<9:;T9��K9�A!'�Q@&$E�&'3�C9�D!'@E'!'0U)'!".H�)##,(,!'+�C,.@�1F!!3�V'JL@,F1,.'&*,'.� ,'� Q!!F� 1EI%,("$'� L/V1� D!(@'$*$.HU0� &((!F+!3� #$"FEI*,(&+,$'�IH�4L/�1KWQ4�K'+!"'&+,$'&*�X$"-2@$F�$'�1H2+!%J=!R!*K'+!"($''!(+� "!3,(+,$'0�4F",*�PJT0�1&'�Q,!.$0�78889:789��K9�A!'�Q@&$E0�X9�/,(@,!*2!'�&'3�C9�D!'@E'!'0UQ!2,.'�/!+@$3$*$.,!2#$"�/$I,*!�/E*+,%!3,&�Q!R,(!2U0�&((!F+!3�#$"�FEI*,(&+,$'�IH�+@!�;7+@K'+!"'&+,$'&*�L$'#!"!'(!�$'�X,"!*!22�L$%%E',(&+,$'20�G,"!*!2278880L&'&3&0�YE*H�78889:7;9��Z9�W&$0�=9�Y,&�&'3�C9�D!'@E'!'�U4�#,#+@J$"3!"�($%I�3!(,%&+,$'#,*+!"�#$"�%E*+,J2+&'3&"3�+"&'2(!,R!"�&FF*,(&+,$'20U�,'� "$(9�$#K'+!"'&+,$'&*� 1H%F$2,E%� $'� L,"(E,+2� &'3� 1H2+!%2� [K1L41\7888]01G,+5*&'30�/&H�7PJN;0�78889:779��K9�A!'�Q@&$E�&'3�C9�D!'@E'!'0�UL$%F&",2$'�$#�V̂Q/�&'3�X /�#$"$̂E"+@�W!'!"&+,$'�A"$&3I&'3�X=4_U0�&((!F+!3�#$"�FEI*,(&+,$'�IH�+@!UB�)E"$F!&'�1,.'&*� "$(!22,'.�L$'#!"!'(!U0�)61K LV78880�D&%F!"!0,̂'*&'30�1!F+!%I!"�78889:7N9��19�=!E'.0�49� $2+E*&0�49�C!%&',�̀ �C9�D!'@E'!'a�4�>$E+!J+@"$E.@ ̂W4�4"(@,+!(+E"!�#$"�K%F"$R!3�K'+!"J(@,F�L$''!(+,R,+H0�,'� "$(9�$#K)))�L@,FJ &(-&.!�L$3!2,.'�X$"-2@$F�[L Q]0�/&"2�78889:7:9��C9�D!'@E'!'a�_!G�F&"&3,.%2�,'�D!&(@,'.�Q,.,+&*�L,"(E,+�Q!2,.'+$G&"32�W,.&2(&*!�1H2+!%J$'JL@,F�K'+!."&+,$'0�,'� "$(9�V#�;P+@�K)))_$"(@,F�($'#!"!'(!0�_$R!%I!"�78880�FF9:7M9��C9�D!'@E'!'0�C9�V*2$'0�)9�QEI"$R&�̀�Y9�bI!".a�K'+!"'&+,$'&*�/&2+!"$#�1(,!'(!� "$."&%�,'�1H2+!%J$'JL@,F�[1$L]�Q!2,.'�&+�cDC0�,'� "$(9$#�;P+@�K)))�_$"(@,F�($'#!"!'(!0�_$R!%I!"�78880�FF9:7O9��Y9�_E"%,0�C9�D!'@E'!'�̀�Y9�K2$&@$a�4�_&+,$'&*� $*,(H�#$"�)'@&'(,'.1H2+!%J$'JL@,F�L$%F!+!'(!�&'3�VFF$"+E',+,!20�,'� "$(9�$#�;P+@�K)))_$"(@,F�L$'#!"!'(!0�_$R9�78880:7<9��19�4*I"!(@+0�A9�=,0�L9� &*&0�/9�K2%&,*�̀ �C9�D!'@E'!'a�4�QE&*J1+&'3&"3�W1/dQ)LD�A&2!I&'3�1,.%&JQ!*+&�4QL0�,'� "$(9�$#�;P+@�K)))_$"(@,F�L$'#!"!'(!0�_$R9�78880:7P9��=J>J�?@!'.�̀ �C9�D!'@E'!'a�Q!2,.'�&'3�4'&*H2,2�$#� $G!"�K'+!.",+H,'�Q1/�1$L�L,"(E,+20�,'� "$(9�$#�;P+@�K)))�_$"(@,F�L$'#!"!'(!0�_$R9
62



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� 
��� 

!"""#"$#%&'!$(��)(�*+,-./�0(�123453�6�7(�)895+989:�;5<2.=4>�?3@8>.9A�49@�B<2C8-D8E8>� F8,G3,-49=8� H54,4=C8,.I4C.39� 3G� 4� F,3C3=3>� F,3=8223,J,=5.C8=C+,8/�.9�F,3=(�3G�%KC5�1LLL�*3,=5.;�H39G8,8=98/�*3E(�!"""('&"(��D(�D.�6�7(�)895+989:�H3-;4,.239�3G�H+,,89C�49@�M3>C4A8�?3@8B.A94>>.9A�G3,�=>3=N�O.2C,.P+C.39�*8CQ3,N2/�.9�F,3=(�3G�%KC5�1LLL*3,=5.;�H39G8,89=8/�*3E(�!"""'&%(��7(�)895+989/�?.R8@�B.A94>�B<2C8-�O82.A9�H3+,28�O8E8>3;-89C/�.9F,3=(�3G�1LLL�S"C5�L>8=C,39.=�H3-;3989C2�4@9�)8=593>3A<�H39G8,89=8/?4<�!"""/�D42�M8A42'&!(��D(�T(�U589A�49@�7(�)895+989(�B.9A>8�>8E8>�.9C8A,4C8@�;4=N4A.9A-3@+>82�G3,�5.A5�;8,G3,-49=8�8>8=C,39.=�2<2C8-2(�19�F,3=(�1LLL�S"C5L>8=C,39.=�H3-;3989C2�49@�)8=593>3A<�H39G8,89=8/�;4A82�%'V"#%'VV/!"""('&&(��W+C4.�?4/�JR8>�049C2=5/�49@�7499+�)895+989(�J�2.-;>8�2C4C8C,492.C.39�=39C,3>�G3,�XB?�;,3A,4--4P>8�;,3C3=3>�;,3=8223,2(�19�'&,@1LLL�Y.@Q82C�B<-;32.+-�39�H.,=+.C2�49@�B<2C8-2/�D492.9A/�ZBJ/�J+A+2C!"""('&'(��)8,3�*+,-./�B8;;3�J(�M.,C4989/�03+9.�123453�49@�7499+�)895+989(F5<2.=4>�?3@8>.9A�49@�B<2C8-�D8E8>�F8,G3,-49=8�H54,4=C8,.I4C.39�3G�4F,3C3=3>�F,3=8223,�J,=5.C8=C+,8(�19�F,3=88@.9A2�3G�C58�%KC5�1LLL*3,=5.;�H39G8,89=8/�!"""('&S(��J(�[3C589P8,A/�L(�B38989/�49@�7(�)895+989/�\?3@8>.9A�49@�J94><2.23G�B+P2C,4C8�H3+;>8@�*3.28�.9�F.;8>.98@�O4C4�H39E8,C8,2\/�B+P-.CC8@C3�1LLL�B3+C5Q82C�B<-;32.+-�39�?.R8@#B.A94>�O82.A9/�B49�O.8A3/�HJ/ZBJ/�X8P,+4,<!]#!$/�!"""(�̂___���������������������������������������������������������������)3;'&V(��O.9825�F4-+9+Q4/�D.#T39A�U589A/�7499+�)895+989�\L,,3,#H39C,3>H3@.9A�C3�H3-P4C�O.A.C4>�*3.28�.9�19C8,=3998=C2�G3,�ZDB1�H.,=+.C2\.9�C58�F,3=(�3G�C58�%]C5�1LLL�*̀TH71F/�̀ 2>3/�*3,Q4</�;;�!]S�#�!K!/*3E�K#$/�%$$$('&](��J(�F32C+>4/�J(�78-49./7(�)895+989�\19C8,=3998=C�H89C8,8@�O82.A9?8C53@3>3A<�G3,�B<2C8-#39#H5.;\�.9�;,3=(�3G�C58�%]C5�1LLL�*̀TH71FH39G8,89=8/�;;(�%$]#!"'/�̀2>3/�*3,Q4</�*3E(�%$$$('&K(� �7(�)895+989�\F5<2.=4>�J,=5.C8=C+,8�3G�ZDB1�B<2C8-�H3+,28O8E8>3;-89C\�.9�F,3=(�3G�1LLLaJH?�19C(�H39G8,89=8�39�X,39C.8,2�.9L@+=4C.39�bX1L$$c/�F+8,C3�T.=3/�*3E8-P8,�%$$$('&$(��7(�)895+989�6�0(�123453�\*8Q�H3-;+C8,�L9A.988,.9A�?.=,38>8=C,39.=2H+,,.=+>+-�O8E8>3;-89C�G3,�B<2C8-#3-#H5.;\�.9�F,3=(�3G�1LLLaJH?�19C(H39G8,89=8�39�X,39C.8,2�.9�L@+=4C.39�bX1L$$c/�F+8,C3�T.=3/�*3E8-P8,%$$$(
63

4/27/22, 10:52 PM https://people.kth.se/~hannu/Publications.htm

2000-09-13

 429. T. Nurmi, J. Isoaho & H. Tenhunen: physical Modeling and System
Level Performance Characterization of a Protocol Processor

Architecture, in Proc. of 18th IEEE Norchip Conferecne, Nov. 2000. 

430. L. Li & H. Tenhunen: Comparison of Current and Voltage Mode
Signalling for clock Distribution Networks, in Proc. of 18th IEEE
Norchip Conference, Nov. 2000

  

  431. H. Tenhunen, Mixed Signal System Design Course Development, in
Proc. of IEEE 50th Electronic Components adn Technology Conference,
May 2000, Las Vegas

 

432. L. R. Zheng and H. Tenhunen. Single level integrated packaging
  

 

 

modules for high performance electronic systems. In Proc. IEEE 50th
Electronic Components and Technology Conference, pages 1460-1466,
2000.

433. Yutai Ma, Axel Jantsch, and Hannu Tenhunen. A simple state
transition control for FSM programmable protocol processors. In 43rd
IEEE Widwest Symposium on Circuits and Systems, Lansing, USA, August
2000.

 434. Tero Nurmi, Seppo A. Virtanen, Jouni Isoaho and Hannu Tenhunen.
Physical Modeling and System Level Performance Characterization of a
Protocol Processor Architecture. In Proceedings of the 18th IEEE
Norchip Conference, 2000.

   

435. A. Gothenberg, E. Soenen, and H. Tenhunen, "Modeling and Analysis
of Substrate Coupled Noise in Pipelined Data Converters", Submitted
to IEEE Southwest Symposium on Mixed-Signal Design, San Diego, CA,
USA, February27-29, 2000.

 

   

1999 Top

 436. Dinesh Pamunuwa, Li-Rong Zheng, Hannu Tenhunen "Error-Control
Coding to Combat Digital Noise in Interconnects for ULSI Circuits"
in the Proc. of the 17th IEEE NORCHIP, Oslo, Norway, pp 275 - 282,
Nov 8-9, 1999.

  

  

  
 437. A. Postula, A. Hemani,H. Tenhunen "Interconnect Centered Design

Methodology for System-on-Chip" in proc. of the 17th IEEE NORCHIP
Conference, pp. 197-204, Oslo, Norway, Nov. 1999.

   
 438. H. Tenhunen "Physical Architecture of ULSI System Course

Development" in Proc. of IEEE/ACM Int. Conference on Frontiers in
Education (FIE99), Puerto Rico, November 1999.

   

 

 439.H. Tenhunen & J. Isoaho "New Computer Engineering Microelectronics
Curriculum Development for System-om-Chip" in Proc. of IEEE/ACM Int.
Conference on Frontiers in Education (FIE99), Puerto Rico, November
1999.

   

 

https://people.kth.se/~hannu/Publications.htm 58/93

63



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� 
����

  !"��#"$%&�'()*+,�-"�.)/0%�)&1�2"�3%&(+&%&,45*678*6%0�90:(/;%:;+0%�)&1#<=>%<%&;);/*&�*?�@0;(*A*&)>�B)C%>%;�30)&D?*0<�ED/&A�9DF&:(0*&*+D900)F�80*:%DD*04,�/&�=0*:"�*?�;(%�GH;(�#III�J@KL2#8�L*&?%0%&:%,�=="MN7G!O,�@D>*,�J*06)F,�J*C"�GMMM"  G"��#"$%&�'()*+�)&1�2"3%&(+&%&,�4#&;%0:*&&%:;�L%&;0/:�?0)<%6*0P�?*05*67=*6%0�90:(/;%:;+0%�QF&;(%D/D�#<=>%<%&;/&A�)�L>)DD�*?�'/D:0%;%@0;(*A*&)>�B)C%>%;�30)&D?*0<�ED/&A�900)F�80*:%DD*04�/&�=0*:"�*?�;(%GH;(�#III�J@KL2#8�L*&?%0%&:%,�=="�G!R7GGS,�@D>*,�J*06)F,�J*C"�GMMM"  T"��3(*<)D�.%/&:P%,�9U%>�V)&;D:(,�8%%;%0�I>>%0C%%,�9(<%1�2%<)&/,�2)&&+3%&(+&%&�49�W%&%0/:�Q:(%<%�?*0�L*<<+&/:);/*&�K%=0%D%&;);/*&�)&1.)==/&A4�#&�;(%�=0*:"�*?�#III�J@KL2#8XMM,�=="�SS 7SSM,�@D>*,�J*06)F,J*C%<Y%0�N7M,�GMMM"  S"��Z"�W)*,�5"�V/)�)&1�2"�3%&(+&%&�45*67=*6%0�/<=>%<%&;);/*&�*?�)?/?;(7*01%0�:*<Y�1%:/<);/*&�?/>;%0�?*0�<+>;/7D;)&1)01�;0)&D:%/C%0)==>/:);/*&D4�/&�80*:"�*?�;(%�#&;%0&);/*&)>�L*&?%0%&:%�*&�Q/A&)>80*:%DD/&A�9==>/:);/*&D�)&1�3%:(&*>*AF�[#LQ893XMM\,�=)=%0�&+<Y%0]=1?"G!RM,�@0>)&1*,�->*0/1),�EQ9,�J*C"�G7 ,�GMMM"   "��9"�8*D;+>),�9"�2%<)&/,�2"�3%&(+&%&�4#&;%0:*&&%:;�:%&;%0%1�1%D/A&<%;(*1*>*AF�?*0�DFD;%<7*&7)�:(/=�/&;%A0);/*&4�/&�;(%�=0*:"�*?�#III#&;%0&);/*&)>�2/A(�5%C%>�'%D/A&�̂)>/1);/*&�)&1�3%D;�B*0PD(*=�[25'̂37MM\,�=="�GMH7T!O,�Q)&�'/%A*,�L)>/?*0&/),�EQ9,�J*C%<Y%0� 7R,�GMMM"  O"��$/&AU/&�5/�)&1�2)&&+�3%&(+&%&�4.*1%>/&A�D*<%�Q%:*&17@01%0�J*&7/1%)>/;/%D�/&�2/A(�@01%0�Q/A<)�'%>;)�.*1+>);*0D4�/&�;(%�80*:"�*?�;(%GH;(�#III�J@KL2#8,�@D>*,�J*06)F,�==�GOT7GOH,�J*C�N7M,�GMMM"  R"��2%&0/P�@>D*&,�9U%>�V)&;D:(�)&1�2)&&+�3%&(+&%&,�4->*);/&A7�;*-/U%178*/&;�K%?/&%<%&;�/&�.);>)Y�6/;(�)&�@Y_%:;7@0/%&;%1�5/Y0)0F4�/&;(%�80*:"�*?�;(%�GH;(�#III�J@KL2#8�:*&?%0%&:%,�@D>*,�J*06)F,�==�TRN7TH ,�J*C�N7M,�GMMM"  H"��5"V/),�Z"W)*,�2"�3%&(+&%&�4./U%1�̂ 5Q#�)0:(/;%:;+0%D�?*0�>*6�=*6%0--3� 80*:%DD*04,� )::%=;%1� ?*0� =+Y>/:);/*&);� ;(%� #&;%0&);/*&)>L*&?%0%&:%�*&�Q/A&)>�80*:%DD/&A�9==>/:);/*&D�)&1�3%:(&*>*AF�[#LQ893MM\,�=)=%0�&+<Y%0]�=1?"G!RG,�@0>)&1*,�->*0/1),�EQ9,�J*C%<Y%0�G7 ,GMMM"  N"��$/&AU/&�5/,�2)&&+�3%&(+&%&�49�'%D/A&�*?�@=%0);/*&)>�9<=>/?/%0D�?*0Q/A<)�'%>;)�.*1+>);*0D�+D/&A�!"SO+<�L.@Q�80*:%DD4�/&�=0*:"�*?�#-#83%&;(�3&;%0&);/*&)>�L*&?%0&%:%�*&� %̂0F�5)0A%�Q:)>%�#&;%A0);/*&[̂5Q#XMM\,�=)A%�TS7S ,�5/DY*),�8*0;+A)>,�'%<Y%0�G7 ,�GMMM"  M"��Z"�W)*,�5"�V/)�)&1�2"�3%&(+&%&,�45*67L*<=>%U/;F�2/A(�Q=%%1'%:/<);/*&�-/>;%0D4�/&�80*:"�*?�;(%�N;(�#&;%0&);/*&)>�QF<=*D/+<�*&#&;%A0);%1�L/0:+/;D,�'%C/:%D�̀ �QFD;%<D�[#Q#LXMM\,�Q/&A)=*0%,�Q%=;"N7G!,�GMMM" O!"��Z"�W)*,�5"�V/)�)&1�2"�3%&(+&%&,�49�8)0;/)>78*>F=()D%� 5̂Q#90:(/;%:;+0%�?*0�̂%0F�2/A(�Q=%%1�L#L�'%:/<);/*&�-/>;%0D4�/&�80*:"�*?;(%� GT;(� 9&&+)>� GMMM� #III� #&;%0&);/*&)>� 9Q#LaQ@L� L*&?%0%&:%[9Q#LXMM\,�EQ9,�Q%=;"�GO7GN,�GMMM,�=="�SMG7SMO"
64



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� ���� 

!"#$��%&'()*�+,-.'�/'0�%/''1�2&'31'&'4�56�7.8&,�9.:;)')'<�=>3&:&�?.(=,.@,A�B/0)'<�C)8&(-)DA�E(/'>3&-�@)D3�/�9.::.'�B(&F1&'>A�+??-&D54�)'D3&�G(.>$�.?�D3&�HIII�J&3)>1,/(�2&>3'.,.<A�9.'?&(&'>&�KJ29L�#MMM�NB/,,4�OO$�!MPN!MQ4�6:-D&(0/:4�23&�7&D3&(,/'0-4�=&OD$�#MMM$!"P$��H$E&'�C3/.14�56�7.8&,�,./0N-3/()'<�/,<.()D3:�?.(�&'&(<A�&??)>)&'DR69�O(.D.>.,�>.:O,)/'D�@)D3�STP$##�UV675�)'�O(.>$�.?�HIII�J&3)>1,/(2&>3'.,.<A�9.'?&(&'>&�KJ29L4�8.,$�P4�OO�#PSWN#!""4�6:-D&(0/:4%.,,/'04�#MNPP�=&OD&:;&(4�6:-D&(0/:4�#MMM$!"W$��H$E&'�C3/.14�V$�%.(8/D3�/'0�%$�2&'31'&'4�56�7.8&,�V.@NO.@&(4�%)<3G&(?.(:/'>&�C&:/OO&(4�H''&(N0&)'D&(,&/8&(4�C&O1'>D1(&(�6(>3)D&>D1(&?.(�CJEN25�H'�D3&�O(.>$�.?�D3&�#TD3�H'D&('/D).'/,�=A:O.-)1:�.'G&(-.'/,4�H'0..(�/'0�R.;),&�X/0).�9.::1')>/D).'-�KGHRX9YMML4�8.,$�W4OO$�#!"TN#!""4�+-/*/4�Z/O/'4�=&OD&:;&(�#PN#"4�#MMM$!"!$��[$�\/.�/'0�%$�2&'31'&'4�5H:O,&:&'D/D).'�/-O&>D-�.?�/'�.8&(-/:O,)'<C]6�>.'8&(D&(�?.(�CR2N6C=V�-A-D&:-5�)'�G(.>$�.?�D3&�QD3�HIIIH'D&('/D).'/,� 9.'?&(&'>&� .'� I,&>D(.')>-4� 9)(>1)D-� /'0� =A-D&:-KH9I9=YMML4�J.,�W�OO$�#WM̂N#!TT4�G/O3.-4�9AO(1-4�=&OD$�"NS4�#MMM$!""$��[$�\/.4�V$�Z)/�/'0�%$�2&'31'&'4�56�J)D&(;)�C&>.0&(�6=H9�?.(J/()/;,&�G1'>D1(&0�9.0&-�)'�C6E�93/''&,�C&>.0)'<5�)'�G(.>$�.?�D3&#TD3�HIII�H'D&('/D).'/,�=A:O.-)1:�.'�G&(-.'/,4�H'0..(�/'0�R.;),&X/0).�9.::1')>/D).'-KGHRX9YMML4�Z/O/'4�=&OD$�#PN#"4�#MMM$!"Q$��V$Z)/4�[$\/.4�%$�2&'31'&'�5G.@&(�+OD):)_/D).'�)'�9&,,NE/-&0C&-)<'54�)'�G(.>$�.?�D3&�SD3�H'D&('/D).'/,�=A:O.-)1:�.'�H'D&<(/D&09)(>1)D-4�C&8)>&-�̀�=A-D&:-�KH=H9YMML4�OO$�WQWNWQQ4�=)'</O.(&4�=&OD$SN#T4�#MMM$!"̂$��V$Z)/4�[$\/.4�%$�2&'31'&'�5I??)>)&'D�JV=H�H:O,&:&'D/D).'�.?�X/0)aNS�BB2�6,<.()D3:54�)'�O(.>$�.?�9.::1')>/D).'-4�9.:O1D&(-�/'0�=)<'/,G(.>&--)'<4�#MMM�HIII�G/>)?)>�X):�9.'?&(&'>&�KG69XHRYMML4�OO$�!QSN!̂#4�9/'/0/4�=&OD&:;&(�#MMM$!"S$��V$NX$�b3&'<4�E$�c$�V)4�%$�2&'31'&'�5\,.;/,�H'D&(>.''&>D�C&-)<'�?.(%)<3�=O&&0�dV=H�/'0�=A-D&:N.'NG/>*/<&54�)'�O(.>$�.?�D3&�#PD3�6''1/,HIII�H'D&('/D).'/,�6=H9]=+9�9.'?&(&'>&4�OO�P"#NPST4�U/-3)'<D.'4�C94d=64�#"N#S�=&OD&:;&(�#MMM$!"M$��G$I()*--.'4�%$2&'31'&'4�523&�'.)-&�?)<1(&�.?�/�-/:O,)'<�:)a&(e23&.(A�/'0�:&/-1(&:&'D54�)'�O(.>$�.?�23&�QD3�HIII�H'D&('/D).'/,9.'?&(&'>&�.'�I,&>D(.')>-4�9)(>1)D-�/'0�=A-D&:-�KH9I9=L4�OO$�SMMNMTP8.,$�P4�G/?.-4�9AO(1-4�=&OD&:;&(�"NS�4�#MMM$!QT$��[$�\/.4�V$�Z)/�/'0�%$�2&'31'&'�5C&-)<'�/'0�):O,&:&'D/D).'�.?�/�̂ #R-/:O,&]-&>�B)?D3�.(0&(�-)<:/N0&,D/�:.01,/D.(5�)'�G(.>$�.?�D3&�!P'0R)0@&-D�=A:O.-)1:�.'�9)(>1)D-�/'0�=A-D&:-�KRU=96=YMML4�d=64�61<$�SN##4�#MMM$!Q#$��[$�\/.4�V$�Z)/�/'0�%$�2&'31'&'�56'�):O(.8&0�/(>3)D&>D1(&�/'0):O,&:&'D/D).'�.?�>/->/0&0�)'D&<(/D.(N>.:;�0&>):/D).'�?),D&(-5�)'G(.>$�.?�9.::1')>/D).'-4�9.:O1D&(-�/'0�=)<'/,�G(.>&--)'<4�#MMM�HIIIG/>)?)>�X):�9.'?&(&'>&�KG69XHRYMML4�OO$�W#̂NWPT4�9/'/0/4�61<$�PPNP!4#MMM$
65



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� ���� 

!"#$��%&'()*+�,-./)&0)(12�34&154&�642�*&'�7*&&8�9)&/8&)&�:%�;)./-'�<-(=.*04>4.?�*&'�@)(<-(A*&B)�%&*>?+4+�-<�6-C�DE)(+*AF>4&1�G*.4-�741/)(D(')(�=41A*�H)>.*�I-4+)�=/*F)(�%(B/4.)B.8()+:�9/)�!#&'�;4'C)+.=?AF-+48A�-&�J4(B84.+�*&'�=?+.)A+2�6*+�J(8B)+2�I;2�K=%2�%818+.�LMNN2NOOO$!"P$��Q4*&/8*�,8-2�64�64�*&'�7*&&8�9)&/8&)&�:;-')>4&1�*&'�%&*>?+4+�-<=80+.(*.)�J-8F>4&1�4&�;45)'M=41&*>�GR�J;D=�;45)(:2�4&�@(-B$�-<�./)<-8(./S&.)(&*.4-&*>� J-&<)()&B)� -&� T>)B.(-&4B� ;)*+8()A)&.� *&'S&+.(8A)&.+�USJT;SVOOW2E->$�#�FF�"NXM"N!2�7*(04&�J/4&*2�%818+.�NLM#N2�NOOO$!"!$��Y$�,*-2�6$�Q4*�*&'�7$�9)&/8&)&�:%�Z6=S�%(B/4.)B.8()�<-(�741/�=F))'J-A0� H)B4A*.4-&� R4>.)(+� C4./� @-C)(M-<M.C-� H)B4A*.4-&�G*.4-+2:F()+)&.)'�*.�./)�P('�S;%J=[STTT�S&.)(&*.4-&*>�;8>.4B-&<)()&B)�-&\J4(B84.+2�=?+.)A+2�J-AA8&4B*.4-&+�*&'�J-AF8.)(+�UJ=JJVOOW2�,())B)2Q8>?2�NOOO$!"]$��64�642�Q4*&/8*�,8-�*&'�7*&&8�9)&/8&)&�:=80+.(*.)�I-4+)�%&*>?+4+<-(�GR�J;D=�;45)(+�3*+)'�-&�=.*.)�T̂8*.4-&�9)B/&4̂8):2�4&�@(-B$�-<9/4('�STTT�S&.)(&*.4-&*>�_-(̀+/-F�-&�H)+41&�-<�;45)'M;-')S&.)1(*.)'J4(B84.+�*&'�%FF>4B*.4-&+2�S=3I�XMaLXPM]]LLMN2�FF�O!MOa2�4&�@8)(.-Z*>>*(.*2�;)54B-2�-&�Q8>?�#"M#L2�NOOO$!""$��6$�b/)&1�c�7$�9)&/8&)&�:=4&1>)�6)E)>�S&.)1(*.4-&�@*B̀*14&1�;)).4&1G)̂84()A)&.+�-<�K>.(*M/41/�H)&+4.?�c741/�R()̂8)&B?�:�4&�F(-B$�-<S&.)(&*.4-&*>�741/�H)&+4.?�@*B̀*14&1�J-&<)()&B)�NOOO2�FF$�NaPMNLN2=/*&1/*42�J/4&*2�Q8&)�NOOO!"a$��3$�Q-&++-&2�7$�9)&/8&)&�:%�H8*>�PMZ�P#�;=[+�J;D=�=C4.B/)'MJ8(()&.%HJ�<-(�9)>)B-AA8&4B*.4-&�%FF>4B*.4-&+:�4&�@(-B$�-<�STTT�4&.$=?AF-+48A�-&�J4(B84.+�*&'�=?+.)A+�US=J%=OOW2�FF$�SS�P!PMP!"2D(>*&'-2�K=%2�PX[]�M�#["2�NOOO$!"L$� � 6$Q4*2� Y$,*-2� 7$� 9)&/8&)&� :H)+41&� -<� *� =8F)(MF4F)>4&)'Z4.)(04H)B-')(:�4&�@(-B$�-<�STTT�4&.$�=?AF-+48A�-&�J4(B84.+�*&'=?+.)A+�US=J%=OOW2�FF$�S�NPPMNP"2�D(>*&'-2�K=%2PX[]�M�#["2�NOOO$!"O$��6$�642�Q$�,8-2�*&'�7$�9)&/8&)&2�:%�I-4+)�;-')>4&1�%FF(-*B/�<-(6@9Z�=?+.)A*&'�S.+�%FF>4B*.4-&�.-�GR�J;D=�;45)(:2�4&�@(-B$�-<�STTQ%&*>-1�Z6=S�_-(̀+/-F2�FF$�OaMNXN2�9*4F)42�9*4C*&2�G$D$J$2�;*?�NOOO$!aX$��Y$�,*-2�Q$�Q$�_4̀&)(2�*&'�7$�9)&/8&)&2�:H)+41&�*&'�%&*>?+4+�-<*&DE)(+*AF>4&1�H[%�J-&E)(.)(�4&�H;9M%H=6�=?+.)A+:2�@(-B$�STTQ�%&*>-1Z6=S_-(̀+/-F2�9*4F)42�9*4C*&2�G$D$J$2�;*?�NOOO2�FF$�#OMP#$!aN$��%$,-./)&0)(1�*&'�7$�9)&/8&)&2�:S&.)1(*.-(�I-&MS')*>4.?�%&*>?+4+�-<6-C�DE)(+*AF>4&1�G*.4-�=41A*�H)>.*�I-4+)�=/*F)(+�<-(�_4')0*&'G*'4-%FF>4B*.4-&+:2�4&�@(-B$�-<�./)�STTQ�%&*>-1�Z6=S�_-(̀+/-F2�FF$NOM#P2�9*4F)42�9*4C*&2�G$D$J$2�;*?�NOOO$!a#$��6$�7-(E*./2�S$3)&$�H/*-82�7$9)&/8&)&2�*&'�Q$�S+-*/-�:%�I-E)>2741/M=F))'2� G)B-&<418(*0>)� H)A*FF)(� M� =?A0->� H)4&.)(>)*E)(*(B/4.)B.8()�<-(�HZ3M9:2�4&�@(-B$�-<�STTT�S&.$�=?AF$�-&�J4(B84.+�*&'=?+.)A+�US=J%=W2�Z->$�!�FF�PL#M#L]2�D(>*&'-2�K=%2�PX[]�M�#["2�NOOO$
66



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� ���� 

!"#$��%$&'(�)*+,-�+(.�/$�0'(*-('(�12,345(+6,75+8�97:*56':6-7+8�;'<'8=,>'7�?@6535A+65,(�B,7�+�28+CC�,B�?76*,D,(+8�07+(CB,73C1E�5(�=7,:$,B�%FFF�%(6$�GH3@$�,(�257:-56C�+(.�GHC6'3C�I%G29GJE�K,8$�L�@@$�%M"NO�%M"PE�?78+(.,E�QG9E�#NRP�O�SRTE�LUUU$!"!$��;OV$�W*'(DE�/$�0'(*-('(�1FBB':65<'�=,>'7�+(.�X7,-(.�)5C6754-65,(G:*'3'�B,7�)''@�G-435:7,(�/5D*G@''.�K;G%�257:-56C1E�5(�=7,:$�,B�%FFF%(6$�GH3@$�,(�257:-56C�+(.�GHC6'3C�I%G29GJE�@@$�%�P#"OP!N?78+(.,EQG9E�#NRP�O�SRTE�LUUU$!"P$��&$�Y,(CC,(E�/$�0'(*-('(�19�#K�G>56:*'.O2-77'(6�=5@'85('.�9(+8,D�6,)5D56+8�:,(<'76'7�5(�PK�2Z?G�=7,:'CC1E�%FFF�5(6$�GH3@,C5-3�,(257:-56C�+(.�GHC6'3C�I%G29GUUJE�@@$�%%�#PLO#P!E�?78+(.,E�QG9E�#NRP�OSRTE�LUUU$!"T$��=$�F75:CC,(E�/$�0'(*-('(�19�Z,.'8�B,7�=7'.5:65(D�G+3@8'7�V[&+(.>56*�+(.�2,(<'7C5,(�;,CC1�%FFF�5(6$�GH3@,C5-3�,(�257:-56C�+(.GHC6'3C�I%G29GUUJE�@@$�K%�L\OSLE�?78+(.,E�QG9E�#NRP�O�SRTE�LUUU$!""$��&5(D]5(�;5E�;5OV,(D�W*'(DE�/+((-�0'(*-('(�1/5'7+7:*5:+8�Z,.'85(D,B�G5D3+�)'86+�Z,.-8+6,7�B,7�̂ ,5C'�2,-@85(D�9(+8HC5C1�5(�@7,:$�,B%[%=�G,-6*>'C6�GH3@,C5-3�,(�Z5]'.OG5D(+8�)'C5D(E�@@$P\OTS�0-:C,(E975A,(+E�QG9E�LLOL#�9@758E�LUUU$!"\$� � ;$OV$� W*'(DE� /$� 0'3*-('(� 1̂,5C'� Z+7D5(� 2,(C67+5(6C� B,7%(6'7:,((':65<56H�5(�)''@�G-435:7,(�;,>=,>'7�+(.�Z5]'.OG5D(+8�K;G%257:-56C1�5(�@7,:$�,B�6*'�SN6*�9((5<'7C+7H�2,(B'7'(:'�,(�9.<+(:'.V'C'+7:*�5(�K;G%�I9VK;G%_UU1JE@@$�LS#OL#TE�SLOS!�Z+7:*E�LUUU$!"U$��/$�0'(*-('($�ZF)%9̀�G67+6'D5:�7'C'+7:*�5(�('6>,7a�CHC6'3C�B,73-8653'.5+�3,458'�:,3@-65(D$�%(�FQVFb9�ZF)F9�>,7aC*,@E�['47-+7HLUUU$�?@'(5(D�5(<56'.�@7'C'(6+65,($!\N$��0*,3+C�Z'5(:a'E�9*3'.�/'3+(5E�G$�b-3+7E�=$�F88'7<''E�Y$�c4'7DE�0$?8CC,(E�=$� 5̂8CC,(E�)$�;5(.d<5C6E�+(.�/$�0'(*-('($�X8,4+88H+CH(:*7,(,-C� 8,:+88H� CH(:*7,(,-C� +7:*56':6-7'� B,7� 8+7D'� *5D*@'7B,73+(:'�+C5:C$�%(�=7,:$�,B�%FFF�%(6$�GH3@$�,(�257:-56C�+(.GHC6'3C�I%G29GJE�@+D'C�%%�PLSOPLPE�?78+(.,E�QG9E�Z+H�LUUU$!\L$��=$�F75:CC,(E�/$�0'(*-('(�1=*+C'O(,5C'�5(�C+3@85(D�+(.�56C53@,76+(:'� 6,>5.'4+(.� 3-865:+775'7� 4+C'� C6+65,(� 7':'5<'7C1�5(=7,:''.5(DC�,B�LUUU�%FFF�%(6'7(+65,(+8�2,(B'7'(:'�,(�9:,-C65:CEG@'':*E�+(.�G5D(+8�=7,:'CC5(D�I%29GG=_UUJE�@@$�S"#"OS"!N�<,8$�PE=*,'(5]E�975A,(+�QG9E�LPOLU�Z+7:*E�LUUU$!\S$��%$�&'(�)*+,-�+(.�/$�0'(*-('(E1F('7DH�FBB5:5'(6�/5D*�G@''.�?(O2*5@G5D(+885(D� 5(� )''@� G-435:7,(� 2Z?G� 0':*(,8,DH1E� +::'@6'.� B,7@-485:+65,(�5(�92Z�G%X)9�%(6'7(+65,(+8�e,7aC*,@�,(�GHC6'3O;'<'8%(6'7:,((':6�=7'.5:65,(E�G+(�)5'D,E�29E�9@758�\OUE�SNNN$!\#$��Y5+(*-+�X-,E�;5�;5�+(.�/+((-�0'(*-('(�1Z,.'85(D�+(.�9(+8HC5C�,BG-4C67+6'�2,-@85(D�5(�Z5]'.OG5D(+8�V[�2Z?G�Z5]'71E�5(�=7,:$�,B�6*'B,-76*� %(6'7(+65,(+8� 2,(B'7'(:'� ,(� F8':67,(5:� Z'+C-7'3'(6�+(.%(C67-3'(6C�I%2FZ%_UUJE<,8$�S�@@�TLNOTL!E�/+745(�2*5(+E�9-D-C6�L\OSLE�LUUU$
67



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� ��� �

�!""#���������������������������������������������������������������$%&'(')��*)�+,--%./�0)�12324�5�*)�$2.67.2.8�9%:;<%=&,2>?@A�<%6232.@�BC1D<%=E?.?.F�:?@6�G�1G,=G.�H6G-2�$3GI423/�?.�H3%I)�%J�KDDD�&23-%.G,�G.LK.L%%3�M%E?,2�<%==7.?IG@?%.�B2-2G3I6�<%.J232.I2/�N%-@%./�O2&@2=E23PQQ(/�&&)�RST;R(U'(T)��*)�+,--%.�5�*)�$2.67.2./�K=&,2=2.@G@?%.�C-&2I@-�J%3�V%.;<%6232.@$3GI4?.F�NG-2L�%.�$?=2;0?-I32@2�02,GA;9%I42L�9%%&/�?.�&3%I)�%J�KDDDO&32GL;O&2I@37=�$2I6.%,%F�G.L�C&&,?IG@?%.��<%.J232.I2/�O%7@6;CJ3?IG/O2&@2=2E23�PQQ(/�&&)�TWP;TWT'(W)��9)�X?G/�Y)�ZG%/�X)�K-%G6%�5�*)�$2.67.2.8�C�V2:�[9OK;%3?2.@2L�\\$C,F%3?@6=�G.L�K=&,2=2.@G@?%./�?.�H3%I)�%J�KDDD�K.@23.G?%.G,�COK<<%.J232.I2/�B%I62-@23/�]OC/�O2&@2=2E23�PQQ(/�&&)�RRS;R'P'(S)��9)�X?G/�N)�9?/�Y)�ZG%�5�*)�$2.67.2.8�K=&,2=2.@G@?%.�%J�G�9%:;H%:23P̂(;H%?.@�\\$/�?.�H3%I)�%J��T@6�K.@23.G?%.G,�<%.J232.I2�%.�O%,?L;O@G@2�G.L�K.@2F3G@2L�<?3I7?@�$2I6.%,%FA/�H24?.F/�+I@%E23�PQQ('(()��N)9?/�9)�X?G�5�*)�$2.67.2.8�+&@?=?_G@?%.�%J�C.G,%F�M%L2,,?.F�G.LO?=7,G@?%./�?.�H3%I)�%J�T@6�K.@23.G@?%.G,�<%.J232.I2�%.�O%,?L;O@G@2G.L�K.@2F3G@2L�<?3I7?@�$2I6.%,%FA/�H24?.F/�+I@%E23�PQQ('(Q)��9)� 6̀2.F�5�*)�$2.67.2.8�$3G.-?2.@�G.L�<3%--@G,4�C.G,A-?-�%JK.@23I%..2I@?%.�,?.2-�J%3�O?.F,2�92a2,�K.@2F3G@2L�&GI4GF?.F�M%L7,2-/?.�H3%I)�%J�S@6��KDDD�$%&?IG,�M22@?.F�?.�%.�D,2I@3%.?I�H23J%3=G.I2%J�D,2I@3%.?I�&GI4GF?.F�bDHDHc�<%.J232.I2/�V2:�Y%34/�+I@%E23�PQQ('QU)��M)�M%4@6G3?/�N)�123_G3/�$)�X76%,G/�Z)�OI67&&2.23/�$)�O:G6./�B)dG,L2.�5�*)�$2.67.2.8�C�̂�[/�P̂U�=C�̂T�ZEe-�̂ >̂�<3%--&%?.@�O:?@I6�?.K.H;*N$�$2I6.%,%FA/�?.�H3%I)�+J�K.@)�O%,?L;O@G@2�<?3I7?@-�<%.J232.I2bKOO<<fQ(c/�&&)�̂U';̂UT/�\2E37G3A�PQQ(/�OG.�\3G.-?-I%/�]OC'QP)��C)�Z%@62.E23F�5�*)�$2.67.2.8�Ce0�\3%.@;D.L�O@3G@2F?2-�J%3�022&O7E=?I3%.�<M+O�NG-2L�%.�+a23-G=&,2L�O?F=G;02,@G�<%.a23@23-/�?.�H3%I)+J�0OH;OIG.L?.Ga?G�<%.J232.I2/�<%&2.6GF2./�02.=G34/�X7.2�PQQ('Q̂)��9)�̀ 62.F�5�*)�$2.67.2.8�OIG,?.F�C.G,A-?-�%J�K.@23I%..2I@?a?@A�G.L<3%--@G,4�?.�[9OK�<?3I7?@-/�?.�H3%I)�%J�S@6��KDDD�$%&?IG,�M22@?.F�?.%.�D,2I@3%.?I�H23J%3=G.I2�%J�D,2I@3%.?I�&GI4GF?.F�bDHDHc�<%.J232.I2/V2:�Y%34/�+I@%E23�PQQ(�'QR)��D,,?2�<?gaG@/�HG@3?4�D3?4--%./�V?G.>?%.F�$G.�G.L�*G..7�$2.67.2.�hCP)(� Z*_� O7E-G=&,?.F� <M+O� 0%:.I%.a23-?%.� <?3I7?@� J%3� BGL?%C&&,?IG@?%.-i/�?.�H3%I)�%J�KDDD�K.@23.G@?%.G,�OA=&%-?7=�%.�<?3I7?@-G.L�OA-@2=-�bKO<COfQ(c/�M%.@232A/�MGA�RP;�X7.2�̂�PQQ('Q')� �*)�$2.67.2./�C)�Z%@62.E23F/�hH23J%3=G.I2�C.G,A-?-�%J�9%:+a23-G=&,?.F�BG@?%�O?F=G;02,@G�V%?-2�O6G&23-�J%3�B\�C&&,?IG@?%.-i/?.�H3%I)�%J�KDDD�K.@23.G@?%.G,�OA=&%-?7=�%.�<?3I7?@-�G.L�OA-@2=-/M%.@232A/�<G,?J%3.?G/�]OC/�MGA�RP�;�X7.2�R/�PQQ()'QT)��M)�M%46@G3?/�*)�$2.67.2./�Z)�OI67&&2.23/�hC�0?a?L2;EA;'�<?3I7?@K=&,2=2.@G@2L�?.�9%:�[%,@GF2/�*?F6�O&22L�O?,?I%.�N?&%,G3�02-?F.
68



�����������	
���� 
����	�����������
�����
������������������
��


����	�����������
�����
������������������
�� ���� 

!"#$%&'&()*+�,%�-.&#/�&0�1222��1%3".%43,&%4'�5)67&8,96�&%�:,.#9,384%;�5)83"68+�<&%3".")+�:4',0&.%,4+�=5>+�<4)�?@�A�B9%"�?+�@CCD/ECF/��>/�GH978HIJ4#K4+�-/�2''".L""+�M/�5#$977"%".+�!/�B9$&'4+�</<&K$34.,�N�O/�!"%$9%"%P�QMJR8�2%#&;".RG"#&;".�:,.#9,38�0&.�S,J".T73,#4'� U,%K8� ,%� 5,AV,7&'4.� !"#$%&'&()*+,%� -.&#� &0� 12221%3".%43,&%4'� 5)67&8,96� &%� :,.#9,38� 4%;� 5)83"68+� <&%3".")+:4',0&.%,4+�=5>+�<4)�?@�A�B9%"�?+�@CCD/ECW/��>/M&3$"%J".(�N�O/�!"%$9%"%P�X&%',%"4.�Y94%3,Z43,&%�,%�U&[TL".8467',%(�\43,&�5,(64AG"'34�X&,8"�5$47".8�0&.�\S�>77',#43,&%8+�,%-.&#/�&0�122B�>%4'&(�]U51�̂&.K8$&7+�54%34�:'4.4+�B9%"�@CCD+�77/�@_@A@_̀ECD/��>/M&3$"%J".�N�O/�!"%$9%"%+�1674#3�&0�X&%A1;"4',3,"8�,%�5,%('"�4%;<9'3,J,3� Y94%3,Z".8� 0&.� U&[� TL".8467',%(� \43,&� 5,(64AG"'34:&%L".3".8+�,%�-.&#/�&0�1222� &̂.K8$&7�&%�G"8,(%�&0�<,a";�<&;"1%3"(.43";�:,.#9,38�4%;�>77',#43,&%8+�<"a,#&+�B9')�@CCD+�77/�@WA_bECC/��UA\/�c$"%(��N�O/�!"%$9%"%P�>%�>%4')8,8�&0�1%3".#&%%"#3,L,3)�9%;".X&,8"�64.(,%�:&%83.4,%38�0&.�'&[�-&[".�4%;�<,a";A5,(%4'�]U51:,.#9,38+�,%�-.&#/�&0�@W3$�1222�XT\:O1-�#&%0"."%#"+�X&L"6"J".�@CCD+77/�@̀EA@F_b̀b/��!/�<",%#K"+�5/�d964.+�>/�O"64%,+�>/�-&839'4+�O/�!"%$9%"%+2L4'943,%(�V"%"0,38�&0�M'&J4'')�>8)%#$.&%&98�U&#4'')�5)%#$.&%&98]U51�>.#$,3"#39."8+�,%�-.&#/�&0�@W3$�1222�XT\:O1-�#&%0"."%#"+X&L"6J".�@CCD+�77/�̀bÀWb̀@/��1/G4$&9+�O/�!"%$9%"%�N�B/�18&4$&P�:<T5�-&[".�T73,6,Z43,&%!"#$%,e9"8�V48";�&%�G)%46,#�7.&(.466,%(P�:48"�539;)�SS!�-.&#"88&.+,%�-.&#/�&0�@W3$�1222�XT\:O1-�#&%0"."%#"+�X&L"6J".�@CCD+�77/�@F?A@W?b̀_/��f/�M4&+�U/�B,4+�B/�18&4$&�N�O/�!"%$9%"%P�>�:&674.,8&%�&0�G"8,(%�&0:&6J�G"#,643&.8�0&.�G"'34A5,(64�>%4'&(A3&AG,(,34'�:&%L".3".8+�,%-.&#/�&0�@W3$�1222�XT\:O1-�#&%0"."%#"+�X&L"6J".�@CCD+�77/�_bWA_@?b̀?/��U/�B,4+�f/�M4&+�B/�18&4$&�N�O/�!"%$9%"%P�>%�>."4A200,#,"%3�>:5>.#$,3"#39."�0&.�],3".J,�G"#&;".8+�,%�-.&#/�&0��@W3$�1222�XT\:O1-:&%0"."%#"+�X&L"6J".�@CCD�77/�@bCA@@Fb̀E/��U/�U,+��N�O/�!"%$9%"%P�5343"�2e943,&%�>77.&4#$�0&.�X&,8"�>%4')8,8,%�:<T5�G&[%#&L".8,&%�V4'4%#";�<,a".+�,%�-.&#/�&0��@W3$�1222�XT\:O1-:&%0"."%#"+�X&L"6J".�@CCD+�77/�?b_A?bWb̀̀/��>/M&3$"%J".(�N�O/�!"%$9%"%P�U&[�TL"8467',%(�\43,&�5,(64AG"'34%&,8"�5$47".�>.#$,3"#39."�0&.�̂ ,;"J4%;�\4;,&�>77',#43,&%8+�,%�-.&#/&0�@W3$�1222�XT\:O1-�:&%0"."%#"+�X&L"6J".�@CCD+�77/�@CFA_bFb̀F/��-/�2.,K88&%�N�O/�!"%$9%"%P�-$48"�X&,8"�,%�5467',%(+�,%�-.&#/�&0�@W3$�1222�XT\:O1-�:&%0"."%#"+�X&L"6J".�@CCD+�77/�E@AECb̀W/��2/�:,HL43+�-/�2.,K88&%+�X/�!4%�4%;�O/�!"%$9%"%�>�@/D�MOZ59J8467',%(� :<T5� G&[%#&%L".8,&%� :,.#9,3� 0&.� 1%3"(.43";� \4;,&>77',#43,&%8+� ,%/-.&#"";,%(8� &0� 3$"� 3̀$� 1222� 1%3".%43,&%4'
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  . H. Tenhunen & A. Jatsch, Design Issues for Nanoscale CMOS.invited
keynote talk at EuroMicro Conference, Portugal, 2005 

.-H. Tenhunen, Electrical Design for NoC, invited opening keynote talk
 in Honk Kong Science Park Workshop on SOC Design, Honk Kong, 2005  

.H. Tenhunen, Electrical Scaling to Nanoscale, invited keynote talk 

in Int. MIXDES Conference, Krakow, Poland, 2005  
 

 
. H. Tenhunen, Communication Platforms for Nanoscale CMOS, invited

presentation on MPSOCO5 workshop in France, 2005. 
.H. Tenhunen; Educational challenges and strategies in electronics,

invited keynote talk in Baltc Electronic Conference, October 2004,
Talinn, Estonia

H. Tenhunen, System-on-Chip Curriculum Challenges, invited keynote
presentation in 5th European Workshop on Microelectronics Education,
Lausanne, Switzerland. April 2004.

  H. Tenhunen, S. Virtanen, J. Isoaho, T. Salakoski; Information

Security Education in Knowledge Triangle , invited presentation in
EU Security Research Conference, Stockholm, October 2009.

 Erwin Ofner, Jari Nurmi, Jan Madsen, Jouni Isoaho, and Hannu

Tenhunen, SoC-Mobinet, R&D and Education in System-on-Chip Design,
invited key note presentation at International Symposium at System-
on-Chip, Tampere, Finland, November 2004

  

 

Unreviewed Papers/Posters and Local Presentations Top

.H. Tenhunen & J. P. Krusius: Modelling of Anodic Silicon Growth for
  Dielectric VLSI Structures, Proceedings of the XX Annual Conference
of the Finnish Physical Society, (1986) 7:11

  

Structures, Research Report No. 1/86, Tampere University of
Technology, Electronics Laboratory, 1986, 54 p.

 
.T. C. Mele & H. Tenhunen: Cornell University Static RAM: CUSRAM,

 Internal Memorandum,Cornell University, USA, 1984

H. Tenhunen: Limits of Microelectronics (in Finnish), invited

presentation in HITECH - seminar, Tampere, Finland, February 1986 

  .H. Tenhunen: VLSI Design on Silicon (in Finnish), presentation in
seminar organized by Technical Research Center of Finland, Tampere,
February 1986

  . H. Tenhunen: VLSI Metrology: Probeless Testing for VLSI, invited
 presentation in Physica Colloquium, Physics Department, Tampere

se/~hannu/Publications.htm
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!!"#��$#�%&''()*�+#�,-.-/*�0#�%-&12))�3�$#�4-)56)-)7�8.95:;-9;6.-%<;:1:=2;:()� (>� 2� +:.-9;� ?-@6-)9-� ?<.-2A� ?<-9;.61� 02'-B2)A4.2)'9-:C-.*�:)�<.(9#�%>�?DEF�G()>-.-9-�()�E2A:(�?9:-)9-�2)AG(116):92;:()*�H6&-I*�?JA-)*�!KKL!!M#��8#N(;5-)B-.O�3�$#�4-)56)-)*�PG2'92A-A�?:O12Q+-&;2�D(:'-�?52<-.'>(.�E2A:(�R.();QS)A'T�U.(9#�(>�;5-�V);-.)2;:()2&�G()R.();�W(./'5(<*42&&:))*�S';():2*�2)A�D(C-1B-.�K*�!KK"#!!K#��H:�H:�2)A�$#4-)56)-)#�8�':1<&-�129.(1(A-&:)O�1-;5(A�>(.�-';:12;:()'6B';.2;-�9(6<&:)O�:)�2)�ERVG�1:X-.#�V)�?J-A:'5�?Y';-1Q()QG5:<G()>-.-)9-�Z[[\�]??(GĜ[\_*�S'/:&';6)2*�?J-A-)*�8<.:&�Z[[\#!Z[#��H:�H:�2)A�$#4-)56)-)#�?6B';.2;-�)(:'-�9(6<&:)O�:)�1:X-AQ':O2)&VG'#�V)�V)� -̀);(.�N.2<5:9'Q,4$�a(:);�46;(.:2&�W(./'5(<�()� :̀X-AQ?:O)2&�VG�+-':O)*�S'<((*�R:)&2)A*�8<.:&�Z[[\#!Z!#���H#QE#�b5-)O�2)A�$#�4-)56)-)#�N&(B2&�:);-.9())-9;�A-':O)�>(.�5:O5'<--A�cH?V�2)A�?(G#�4-95):92&�.-<(.;*�,:';2*�?;(9/5(&1*�?J-A-)*8<.:&�Z[[[#�S+8Q4.2>>�Z[[[*�+-':O)�86;(12;:()�G()>-.-)9-#!ZZ#��H#QE#�b5-)O*�H:�H:*�2)A�$2))6�4-)56)-)#�?6B';.2;-�)(:'-�9(6<&:)O:)�1:X-AQ':O)2&�VG'7�U2.;�!�2)A�<2.;�Z#�V)�̀ -);(.�N.2<5:9'�Q�,4$a(:);�46;(.:2&�W(./'5(<�()�̀ :X-AQ?:O)2&�VG�+-':O)*�S'<((*�R:)&2)A*8<.:&�\�Z[[\#!Z\#��V#�0-)�+52(6�2)A�$#�4-)56)-)#�%)Q95:<�':O)2&:)O�>(.�>6;6.-�'(9#�V)U.(9#�E2A:(C-;-)'/2<�(95�,(116):/2;:()�EF,�[Z*�<2O-'�C(&#Z*�<<#"ZKQ"\Z*�?;(9/5(&1*�?J-A-)*�a6)-�Z[[Z#!Zd#��H#QE#�b5-)O*�H:�H:*�2)A�$2))6�4-)56)-)#�?6B';.2;-�)(:'-�9(6<&:)O:)�1:X-AQ':O)2&�VG'7�U2.;�!�2)A�<2.;�Z#�V)�̀ -);(.�N.2<5:9'�Q�,4$a(:);�46;(.:2&�W(./'5(<�()�̀ :X-AQ?:O)2&�VG�+-':O)*�S'<((*�R:)&2)A*8<.:&�\�Z[[\#!Ze#��H:�H:�2)A�$2))6�4-)56)-)#�D(:'-�1(A-&:)O�2)A�2)2&Y':'�(>�1:X-.�:)ER�;.2)'9-:C-.'#�V)�Z[[Z�?(GQ̀(B:)-;�W(./'5(<*�R2&/-)B-.O*�?J-A-)*U.-'-);2;:()*�̀2.95�Z[[Z#!ZL#��H#QE#�b5-)O�2)A�$#�4-)56)-)#�U5Y':92&�:''6-'�:)�)-;J(./Q()Q95:<#V)�W(./'5(<�(>�D-;J(./Q()QG5:<�2;�S6.(<-2)�?(&:AQ?;2;-�G:.96:;G()>-.-)9-*�F:&&295*�86';.:2*�?-<;#!"QZ!�Z[[!#�]46;(.:2&�H-9;6.-_#!Z"#��H:�H:�2)A�$2))6�4-)56)-)#�?6B';.2;-�)(:'-�9(6<&:)O�:)�ER�G̀%?1:X-.#�V)�Z[[Z�?(GQ4E:X�W(./'5(<*�D(../f<:)O*�?J-A-)*�U.-'-);2;:()*8<.:&�Z[[Z#!ZM#��$2))6�4-)56)-)�2)A�H#QE#�b5-)O#�V);.(A69;:()�;(�-&-9;.:92&�:''6-':)�'Y';-1Q()Q95:<�2)A�'Y';-1Q()Q<29/2O-�A-':O)#�V)�W(./'5(<�(>gS&-9;.:92&�V''6-'�:)�?Y';-1Q()QG5:<�2)A�?Y';-1Q()QU29/2O-�+-':O)h2;�S6.(<-2)�?(&:AQ?;2;-�G:.96:;'�G()>-.-)9-*�R&(.-)9-*�V;2&Y*�?-<;#Z\QZ"�Z[[Z#�]46;(.:2&�H-9;6.-_#!ZK#��H#QE#�b5-)O�2)A�$2))6�4-)56)-)#�U(J-.�A:';.:B6;:()�A-':O)�:)'Y';-1Q()Q95:<�2)A�'Y';-1Q()Q<29/2O-#�V)�W(./'5(<�(>�gS&-9;.:92&V''6-'�:)�?Y';-1Q()QG5:<�2)A�?Y';-1Q()QU29/2O-�+-':O)h�2;�S6.(<-2)
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