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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
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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-
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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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53



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

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

 !"#��$%&'�(%)*�+%',-.�/&0)')1&*�(#23#�4.,'5*�&'6�7#�8,'.)','#�9�5:;<&:1%=,�>:&''%'5�-?.,0,�@;=�',A1;=B2;'2?.%>#�C'�!DD �C'A,='&A%;'&:EF0>;-%)0�;'�G%=?)%A-�&'6�EF-A,0-�HCEG9EI*�J;:)0,�K*�>&5,-�L"!2L"M*N&'5B;B*�8.&%:&'6*�O&F�!M2!L�!DD #  D#��$%&'�(%)*�(#23�4.,'5*�&'6�7#�8,'.)','#�9�5)&=&'A,,62A.=;)5.>)A-1%A?.�@;=�',A1;=B2;'2?.%>#�C'�/=;?#�;@�A.,�C'A,='&A%;'&:�EF0>;-%)0;'�EF-A,02;'2G.%>�HE;G�!DD I*�>&5,-� P2 K*�8&0>,=,*�Q%':&'6*�R;J�P"2!P�!DD #  P#��(%�(%�&'6�7#8,'.)','#�9�0;';:%A.%?�E%S,�M2TS7U�6;1'?;'J,=-%;'0%V,=�3Q�CG#�C'�E;>.%&�9'A%>;:%-�O%?=;,:,?A=;'%?-�Q;=)0HE9OWI�TA.W6%A%;'*�E;>.%&�9'A%>;:%?*Q=&'?,*�X?A#�!DD #  !#��(%�(%*�4.#2Y#(%*�&'6�7#8,'.)','#�9�-%0>:,�0&?=;0;6,:%'5�&>>=;&?.@;=�&'&:F%'5�-)<-A=&A,�?;)>:%'5�%'�&'�3Q�0%V,=�CG#�C'�8.,�MA.C'A,='&A%;'&:�G;'@,=,'?,�;'�9ECGH9ECGXRI*�N,%Z%'5*G.%'&*�X?A#�!DD #   #��4.#2Y#(%*�(#();*�(%�(%*�&'6�7#8,'.)','#�8.,�:;5%?�=,>=,-,'A&A%;';@�&'&:;5�?%=?)%A-�<&-,6�;'�?;'6%A%;'�>&=&0,A,=-#�C'�8.,�MA.C'A,='&A%;'&:�G;'@,=,'?,�;'�9ECGH9ECGXRI*�N,%Z%'5*G.%'&*�X?A#�!DD #  K#��(#23#�4.,'5*�O,%5,'�E.,'*�&'6�7#�8,'.)','#�EF-A,02;'2?.%>�;=-F-A,02;'2>&?B&5,[?&'�1,�0&B,�&'�&??)=&A,�6,?%-%;'�;'�-F-A,0%0>:,0,'A&A%;'�%'�&'�,&=:F�6,-%5'�>.&-,\�C'�!DD �E;)A.1,-A�EF0>;-%)0;'�O%V,62E%5'&:�+,-%5'�HEEOE+I*�>&5,-�P2K*�(&-�],5&-*�̂E9*�Q,<#! 2!M!DD #  M#��_%0�O%?.%,:-,'*�(#23#�4.,'5*�&'6�7#�8,'.)','#�9'&:F-%-�&'6�6,-%5';@�&�6;)<:,�A)',6�?:&>>�;-?%::&A;=�@;=�0):A%2<&'6�0):A%2-A&'6&=6=&6%;#�C'�!DD �C'A,='&A%;'&:�EF0>;-%)0�;'�G%=?)%A-�&'6�EF-A,0-HCEG9EI*�J;:)0,�P*�>&5,-�TLP2TLK*�N&'5B;B*�8.&%:&'6*�O&F�!M2!L�!DD #  T#��_%0�O%?.%,:-,'*�(#23#�4.,'5*�7#�8,'.)','*�EA,>.&',�/%',:*�&'6�$;F(&-B&=#�+,-%5'�?;'-%6,=&A%;'-�@;=�&�!#K5.U�6%@@,=,'A%&:�?;:>%AA-;-?%::&A;=#�C'�CWWW�!DD �RX3G7C/�G;'@,=,'?,*�3%5&*�(&AJ%&*�R;J#PD2PP!DD #  ̀#��(#23#�4.,'5�&'6�7#�8,'.)','#�G.%>2>&?B&5,�?;26,-%5'�@;=�-F-A,02;'2>&?B&5,�%'A,5=&A%;'#�C'�8)A;=%&:�_;=B-.;>�;@�!DD �W)=;>,&'�E;:%62EA&A,�G%=?)%A�G;'@,=,'?,*�(%-<;'*�/;=A)5&:*�E,>A#PM2P"�!DD #  L#��7#�8,'.)','�&'6�(#23#�4.,'5#�E;?�&'6�-;>�A=,'6-�&'6�%'A=;6)?A%;'A;�%'A,=?;'',?A�?,'A=%?�6,-%5'#�C'�8)A;=%&:�_;=B-.;>�;@�!DD W)=;>,&'�E;:%62EA&A,�G%=?)%A�G;'@,=,'?,*�(%-<;'*�/;=A)5&:*�E,>A#PM2P"�!DD #  "#��(#23#�4.,'5�&'6�7#�8,'.)','#�EF-A,02;'2?.%>�J,=-)-�-F-A,02;'2>&?B&5,� -;:)A%;'-#� C'� Q%=-A� CWWW� G/O8� 3,5%;'&:� _;=B-.;>� ;'O%?=;-F-A,0�C'A,5=&A%;'�8,?.';:;5F*�E.&'5.&%*�G.%'&*�X?A#! 2!K�!DD # KD#��O,%5,'�E.,'*�3#9-.=&@*�(#23#�4.,'5*�&'6�(�7#�8,'.)','#�G.%>2>&?B&5,a-F-A,0�?;26,-%5'�;@�&'�;>A%?&:�&??,--�',A1;=B�%'A,=@&?,�%'-F-A,02;'2>&?&B5,#�C'�/=;?#�A.,�KA.�W:,?A=;%?-�/=;6)?A%;'�&'6/&?B&5%'5�8,?.';:;5F�G;'@,=,'?,*�>&5,-�"K2PDD*�/;=%*�Q%':&'6*�O&F! 2!M�!DD #�
54



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

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

 !"#��$%&'%(�)*%(+�,#-.#�/*%('+�0(1�2#�3%(*4(%(#�5�607%�78419�:;�6:780(1�<%=;:=>0(6%�8=01%-:;;�0(0?97&7�;:=�>&@%1�7&'(0?�&(8%'=08&:(�&(7978%>-:(-6*&<#�A(�B=:6#�:;�8*%�CDD �AEEE�A(8%=(08&:(0?�)9><:7&4>�:(F&=64&87�0(1�)978%>7�GA)F5)�CDD H+�I:?4>%�J+�<0'%7�JKJ-JKK+�L0('M:M+3*0&?0(1+�$09�CJ-CK�CDD # !C#��$%&'%(�)*%(+�N&0(�,&4+�,#-.#�/*%('+�0(1�2#�3%(*4(%(#�F*&<-<06M0'%6:-1%7&'(�;:=�*&'*-7<%%1�8=0(7>&88%=�&(�7%=&0?�?&(M7�0<<?&608&:(#�A(B=:6#�:;�E?%68=&60?�B%=;:=>0(6%�:;�E?%68=:(&6�B06M0'%�GEBEB�CDD H+<0'%7�C"O-CCD+�B=&(6%8:(+�P%Q�N%=7%9+�R)5+�S68:T%=�CO-CU�CDD # ! #��$%&'%(�)*%(+�,#-.�/*%('+�0(1�2#�3%(*4(%(#�A(8%=6:((%68&:(-0Q0=%8=0(7>&88%=�1%7&'(�;:=�*&'*-7<%%1�:;;-6*&<�6:>>4(&608&:(7#�A(�B=:6#:;�8*%�C"8*�AEEE�P:=6*&<�F:(;%=%(6%�GPS.F2AB�CDD H+�<0'%7�"C"-"C!+.&'0+�,08I&0+�P:I#�"D-""�CDD #�VWWV���������������������������������������������������������������3:< !!#��34:>07�X0?8:(%(+�B%MM0�.0(80?0+�N:4(&�A7:0*:�0(1�20((4�3%(*4(%(#F%??�F:(;&'4=08&:(�&(�8*%�548:(:>:47�E==:=-3:?%=0(8�F%??4?0=�Y0T=&6#A(�B=:6%%1&('7�:;�8*%�CD8*�AEEE�P:=1&6�EI%(8�&(�5)AF�Z%7&'(�GP:=F*&<CDDCH+�F:<%(*0'%(+�Z%(>0=M+�P:I%>T%=�""["C+�CDDC#+�P:I�CDDC# !J#��34:>07�X0?8:(%(+�N:4(&�A7:0*:�0(1�20((4�3%(*4(%(#�F:(6%&I%1B%=;:=>0(6%�:;�.%-F:(;&'4=0T?%�AF�5=6*&8%684=%7#�A(�B=:6%%1&('7�:;8*%� K8*� L&%((&0?� F:(;%=%(6%� :(� E?%68=:(&67� 0(1� $&6=:7978%>3%6*(:?:'9� GLEF� CDDCH+� 30??&((+� E78:(&0+� S68:T%=� \[U+� CDDCG&(I&8%1H#+�S68�CDDC# !\#��B07&�,&?]%T%='+�A>%1�L%(�Z*0:4+�N4*0�B?:7&?0+�N:4(&�A7:0*:�0(120((4�3%(*4(%(#�A(8%=6:((%68�B%0M�F4==%(8�.%1468&:(�;:=� 0̂I%?%85==09�B=:6%77:=�R7&('�)%?;-3&>%1�)&'(0?&('#�A(�B=:6%%1&('7�:;�8*%A(8%=(08&:(0?�)9><:7&4>�:(�F&=64&8�0(1�)978%>7+�A)F5)+�$09�CDDC# !O#���34:>07�X0?8:(%(+�3%=:�P4=>&+�N:4(&�A7:0*:�0(1�20((4�3%(*4(%(#A(8%=6:((%68&:(�:;�548:(:>:47�E==:=-3:?%=0(8�F%??7#�A(�B=:6%%1&('7:;�8*%�AEEE�A(8%=(08&:(0?�)9><:7&4>�:(�F&=64&87�0(1�)978%>7�GA)F5)CDDCH+�)6:88710?%+�5=&_:(0+�R)5+�$09�C\[CU+�CDDC#+�$09�CDDC# !K#���3%=:�P4=>&+�,&-.:('�/*%('+�5@%?�N0(876*+�3%=:�)̀(88&+�N:4(&A7:0*:+�N0=&�P4=>&�0(1�20((4�3%(*4(%(#�B*97&60?�B%=;:=>0(6%�$:1%?&(';:=� B?08;:=>-L07%1� ):F� Z%7&'(#� A(� !8*� E4=:<%0(� :̂=M7*:<� :($&6=:%?%68=:(&67�E14608&:(�GÊ$E�CDDCH+�$09�CDDC#� !U#����3%=:�P4=>&+�,&-.:('�/*%('+�34:>07�X0?8:(%(�0(1�20((4�3%(*4(%(#B:Q%=�$0(0'%>%(8�&(�548:(:>:47�E==:=-3:?%=0(8�F%??7#�A(�B=:6%%1&('7:;�8*%�"J8*�5((40?�AEEE�A(8%=(08&:(0?�5)AFa):F�F:(;%=%(6%�G5)AFa):FCDDCH+�.:6*%78%=+�P%Q�b:=M+�R)5+�)%<8%>T%=�CJ[CK+�CDDC+�)%<�CDDC# JD#��34:>07�X0?8:(%(+�N:4(&�A7:0*:�0(1�20((4�3%(*4(%(#�3*%�F07%�;:=Y&(%-c=0&(%1�.%-F:(;&'4=0T?%�5=6*&8%684=%7d�5(�5(0?97&7�:;�F:(6%&I%1B%=;:=>0(6%#�A(�B=:6%%1&('7�:;�8*%�"C8*�A(8%=(08&:(0?�F:(;%=%(6%�:(Y&%?1�B=:'=0>>0T?%�,:'&6�0(1�5<<?&608&:(�GYB,�CDDCH+�$:(8<%??&%=+Y=0(6%+�)%<8%>T%=�C[!+�CDDC#+�)%<�CDDC#
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69



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

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

!"#$%&%#'%�"#�()%'*&"#+',-!+&'.+*,�/#0�12,*%3,-�4567�,%8*%39%&�6::;<+,9"#-�="&*.>/)-�88?�6@:56AB�"$�C")?�D�"$�*E%�8&"'%%0+#>,�FGGH���������������������������������������������������������������I"8A7;?��())+%�!+JK/*-�=/*&+L�(&+L,,"#-�M+/#N+"#>�I/#�/#0�O/##.�I%#E.#%#�PQ6?;�ROS�1.9,/38)+#>�!TU1�V"W#'"#K%&,+"#�!+&'.+*�W+*E�X#*%>&/*%0�QYV!"#K%&*%&Z�+#�=&"'?�"$�*E%�6A*E�X(((�MU[!OX=�!"#$%&%#'%-�67566M"K%39%&�6::4-��I/))+#-�(,*"#+/?A7:?��T%E&/#�T"LE*/&+-�=%%*%&�())%&K%%-�R%&0�1'E.88%#%&-�I/&J/�\.E")/-O/##.�I%#E.#%#-�Q#0%&,�VJ.8,J]9/'L/�P(#'"0%&YV%'"0%&�$"&�!E/##%)5!"0+#>�+#��̂ +9%&�U8*+'/)�<+#L,�$"&�R9Y,�I&/#,3+,,+"#�[/*%,�+#�1+5_+8")/&�I%'E#")">2Z���+#�=&"'?�"$�*E%�6A*E�X(((�MU[!OX=�!"#$%&%#'%-67566�M"K%39%&�6::4-�I/))+#-��(,*"#+/?A67?��M?�I/#-�(?�!+JK/*-�/#0�O?�I%#E.#%#?�V%,+>#�/#0�+38)%3%#*/*+"#�"$E+>E58%&$"&3/#'%�!TU1�VYQ�'"#K%&*%&?�X#�=&"'?�X(((�X1!Q1̀:4-�8/>%,@B65@B@-�O"#>�a"#>-�\.#%�6::4A66?��T?�T"LE*/&+-�I?�\.E")/-�_?�a%&S/&-�R?�1'E.88%#%&-�b?�c%,*%&>&%#-�O?�I%#E.#%#-�I?�1W/E#-�I?�<%W+#-�c?�(?�1*/#'E+#/-�/#0�[?�c/)0%#-P<"W� C")*/>%-� _&"/05� /#0� M/&&"W9/#0� T+'&"W/K%� V+$$%&%#*+/)Q38)+$+%&,�$"&�@7R9Y,�V%3"#,*&/*"&�Q88)+'/*+"#,�+#�X#=5O_IZ-�=&"'?"$�*E%�X(((�X#*%&#/*+"#/)�1238",+.3�"#�!+&'.+*,�/#0�12,*%3,dX1!Q1e:4f-�O"#>�a"#>-��88�6@:56AB-�\.#%�:56B-�6::4?A6B?��R?�1'E.88%#%&-�T?�T"LE*/&+-�I?�\.E")/-�O?�I%#E.#%#-�M?�I/#-�/#0�T?M+9.&>-� � PT.)*+5!E/##%)� +̂9%&5U8*+'/)� [%'%+K%&,� +#� _+!TU1I%'E#")">2-�Q0"8*+#>�!E/##%)�!"0+#>�"&�V%)/2�<"'L%0�<""8�*+3+#>Z-=&"'?�"$�*E%�X(((��X#*%&#/*+"#/)�1238",+.3�"#�!+&'.+*,�/#0�12,*%3,dX1!Q1e:4f-�O"#>��a"#>-�88�6D4D56D4g-�\.#%�:56B-�6::4?A6D?��<?�O%))9%&>-�Q?�O%3/#+-�\?�X,"/E"-�Q?�\/#*,'E-�T?�T"LE*/&+-�/#0�O?I%#E.#%#-�P12,*%3�U&+%#*%0�C<1X�!.&&+'.).3�/*�aIOZ-�+#�=&"'%%0+#>,"$�*E%��X(((�X#*%&#/*+"#/)�!"#$%&%#'%�"#�T+'&"%)%'*&"#+'�12,*%3,(0.'/*+"#,-�T1(:4-�6::4?�A6@?��<?�O%))9%&>-�Q?�O%3/#+-�\?�X,"/E"-�Q?�\/#*,'E-�T?�T"L*E/&+�h�O?I%#E.#%#i�X#*%>&/*+"#�"$�=E2,+'/)�/#0�̂ .#'*+"#/)�()%'*&"#+'�12,*%3[%8&%,%#*/*+"#,�+#�()%'*&"#+',�!.&&+'.).3-�+#�=&"'?�"$�6A*E�X(((M"&'E+8�!"#$%&%#'%-�67566�M"K%39%&�6::4-�I/))+#-�(,*"#+/-�88?�6DA56@6�FGGj���������������������������������������������������������������I"8A6A?��T?�T"LE*/&+-�I?�\.E")/-�_?�a%&S/&-�R?�1'E.88%#%&-�b?�c%,*%&>&%#-O?�I%#E.#%#-�I?�1W/E#-�/#0�[?�c/)0%#-�P6?4�C�,.88)2�K")*/>%-�V!5'".8)%0-�6A�ROS-�W+0%59/#0�/38)+$+%&�W+*E�#%/&)2�'"#,*/#*�>&".80%)/2�+#�X#=5O_IZ-�+#�=&"'?�6@*E�X(((�M"&'E+8�!"#$?-�O%),+#L+-�88@g5A6-�M"K�@5A-�6::g?
70

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

Conference on Electronics,Circuits and Systems, 7-10 september 1998
Lisbon, Portugal, pp. 149-152 of Vol. 3 of the proceedings

1997 Top

508. Ellie Cijvat, Patrik Eriksson, Nianxiong Tan and Hannu Tenhunen “A
1.8 GHz Subsampling CMOS Downconversion Circuit with Integrated A/D
Converter” in Proc. of the 15th IEEE NORCHIP Conference, 10-11

November 1997, Tallin, Estonia.

   

  

509. Mehran Mokhtari, Peeter Ellervee, Gerd Schuppener, Tarja Juhola,
Hannu Tenhunen, Anders Djupsjébacka “Encoder/Decoder for Channel-
Coding in Fiber Optical Links for Gb/s Transmission Rates in Si-
Bipolar Technology” in Proc. of the 15th IEEE NORCHIP Conference,
10-11 November 1997, Tallin, Estonia.

  

    
510. N. Tan, E. Cijvat, and H. Tenhunen. Design and implementation of

high-performance CMOS D/A converter. In Proc. IEEE ISCAS'97, pages
421-424, Hong Kong, June 1997

 

    
 

 

511.M. Mokhtari, T. Juhola, B. Kerzar, G. Schuppener, U. Westergren,
H. Tenhunen, T. Swahn, T. Lewin, W. E. Stanchina, and R. Walden,

  
 

  

“Low Voltage, Broad- and Narrowband Microwave Differential
Amplifiers for 40Gb/s Demonstrator Applications in InP-HBT”, Proc.
of the IEEE International Symposium on Circuits and Systems

 — ISCAS’97), Hong Kong, pp 149-152, June 9-12, 1997.

512. G. Schuppener, M. Mokhtari, T. Juhola, H. Tenhunen, N. Tan, and M.

 
Niburg, “Multi-Channel Fiber-Optical Receivers in BiCMOS
Technology, Adopting Channel Coding or Delay Locked Loop timing”,
Proc. of the IEEE International Symposium on Circuits and Systems  

  — ISCAS’97), Hong Kong, pp 1373-1376, June 9-12, 1997.

 513.L. Hellberg, A. Hemani, J. Isoaho, A. Jantsch, M. Mokhtari, and H.
Tenhunen, “System Oriented VLSI Curriculum at KTH”, in Proceedings
of the EEE International Conference on Microelectronic Systems
Educations, MSE97, 1997.

  

  
 

514. L. Hellberg, A. Hemani, J. Isoaho, A. Jantsch, M. Mokthari & H.
Tenhunen; Integration of Physical and Functional Electronic System
Representations in Electronics Curriculum, in Proc. of 15th IEEE
Norchip Conference, 10-11 November 1997, Tallin, Estonia, pp. 135-
141

 

 

 

1996 Top

515. M. Mokhtari, T. Juhola, B. Kerzar, G. Schuppener, U. Westergren,
H. Tenhunen, T. Swahn, and R. Walden, “1.7 V supply voltage, DC-
coupled, 15 GHz, wide-band amplifier with nearly constant group
delay in InP-HBT”, in Proc. 14th IEEE Norchip Conf., Helsinki, pp
46-51, Nov 4-5, 1996.

 
     

https://people.kth.se/~hannu/Publications.htm 65/93

70



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

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

!"#$��%$�&'()*+�%$�,-'.*+�/$�/01)2(3.+�4$�%-*)5*-*+�6$�7(89-*+�(*9�7$�:$&2(*;).*(+�<=>�?@AB+�C�D082�E*F�4G%�EHB�I03�(�J.@-3�KL2.;M-N0*B23(203�&OB2-NP+�.*�F30;$�E:::�?(QB�EH�&ONL0B.5N+�K38(*90+�LL"R!S"RT+�U0V�CS#+�"WW#$�X.*V.2-9�L(L-3Y$!"Z$��?$�&;)5LL-*-3+�/$�/01)2(3.+�%$�[5)08(+�4$�%-*)5*-*+�(*9�U$�%(*+<MHSB2(@.8.\-9�N582.S;)(**-8�I.@-3S0L2.;(8�3-;-.V-3�5B.*]�;)(**-8S;09.*]�.*�G.H/K&�2-;)*080]OP+�F30;$�E:::�"=2)�E:::�UK6H4EF�H0*I$+4-8B.*1.+�LL�"=S"W+�U0V�=S!+�"WW#$!"T$��G$K-8N(**� �̂4$�%-*)5*-*_�&OB2-N�,-V-8�F-3I03N(*;-�/09-8�I03F.L-8.*-�H.3;5.2B+�.*�F30;$�0I�E*2$�&OB2-N�M-B.]*�H0*I-3-*;-+6)090B+�K;20@-3�"WW#!"W$��G$K-8N(*� �̂4$�%-*)5*-*_�/.;30�F.L-8.*-�M&F�Q&EH�I03�M&S&&3-;-.V-3+� .*� F30;$� E:::� E*2$� Q&EH� H0*I-3-*;-+� LL$� RRZSRC>+60;)-B2-3+�&-L2-N-@-3�"WW#!R>$��4$�K8BB0*+�M$�̀ -3-1+�G$�88-N(**�̂ �4$�%-*)5*-*_�M.II-3-*2.(8�F&̀M-2-;203�Q&EH�M-B.]*�I03�M.3-;2�&-a5-*;-�&L3-(9�&L-;235N�6(9.0+�.*F30;$�KI�W2)�Q**5(8�E:::�E*2$�Q&EH�H0*I-3-*-+�60;)-B2-3+�Ub+�c&Q+&-L2-N@-3�"WW#!R"$��/0\(NN-8�4$� )̀(*+�D-B(�:1)08N+�[05*.�EB0()0+�4(**5�%-*)5*-*<&23(2-].-B�I03�ENL8-N-*2(2.0*�(*9�%-B2.*]�0I�6-5B(@8-�/(;30J5*;2.0*�,.@3(3OPd�E:::�UK6H4EFeW#+�U0V-N@-3�=2)�S�!2)+�"WW#+�LL$"T#S�"W!!RR$��̀ $�%(NN-Nf-+�/$�KeU.8B+�Q$�%03*-N0+�4(**5�%-*)5*-*+�<D,&E�&OB2-N,-V-8�H09-B.]*�%0081.2�Q̀ Q̀P$�%)-�"=2)�E:::�UK6H4EF�H0*I-3-*;-+U0V-N@-3�=S!+�"WW#+�4-8B.*1.+�J.*8(*9+�LL$�"W#SR>R$!RC$��4-*3.1�K8B0*+�M(*.-8� -̀3-1+�G-*]2�K-8N(**+�(*9�4(**5�%-*)5*-*$Q3;).2-;253-�0L2.N.\(2.0*�0I�(�9.3-;2�B-a5-*;-�BL3-(9�BL-;235N@(B-@(*9�23(*B;-.V-3$�E*�F30;$�0I�2)-�&U6D�H0*I$�0*�6(9.0�&;.-*;-(*9�H0NN5*.;(2.0*+�,58-g+�&'-9-*+�[5*-�"WW#$!R=$��/0\(NN-8�4$� )̀(*+�Q)N-9�4-N(*.+�4(**5�%-*)5*-*�<ENL8-N-*2(2.0*E*9-L-*9-*2�/(;30S8.@3(3O�I03�%-8-;0NN5*.;(2.0*�.*�D4M,Pd�G(82.;:8-;230*.;�H0*I-3-*;-�G:HeW#+�K;20@-3�Z2)�S�""2)+�"WW#+�LL$�RW"�SRW=+�%(88.**+�:B20*.(!R!$��F$�h)5� �̂4$�%-*)5*-*_�4.])�&(NL8-�6(2-�&'.2;)-9�H533-*2�H/K&&.]N(SM-82(�/0958(203+�.*�F30;$�0I�!2)�G.-**.(8�G(82.;�:8-;230*.;H0*I-3-*;-+�K;20@-3�"WW#+�%(88.**+�:B20*.(!R#$��i��4-*3.1�K8B0*+�M(*.-8�̀ -3-1+�G-*]2�K-8N(**+�(*9�4(**5�%-*)5*-*$M.II-3-*2.(8�F&̀�9-2-;203�Q&EH�9-B.]*�I03�9.3-;2�B-a5-*;-�BL3-(9BL-;235N�3(9.0$�E*�F30;$�0I�2)-�"WW#�U.*2)�Q**5(8�E:::�E*2$�Q&EHH0*I-3-*;-+�60;)-B2-3+�Ub+�c&Q+�&-L2-N@-3�"WW#$!RZ$��/$�̀0032+�D$�̀511�̂�4$�%-*)5*-*_�H/K&�Q*(80]�6-B0*(203�J.82-3+�.*F30;$�0I�!2)�G.-**.(8�G(82.;�:8-;230*.;�H0*I-3-*;-+�K;20@-3�"WW#+%(88.**+�:B20*.(
71



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

����	������������������������������������ ���� 
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12.

https://people.kth.

. H. Tenhunen: A Critical Survey of Isolation Techniques for VLSI

H. Tenhunen, Autonomous NoC, short invited keynote talk in MPSOCO6,
Denver, USA, 2006. 

  . 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
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 !"#��$#�%&'()'&'*�+,&&-.'/�0(&�1&2�3&'&,40.5'�56�7'/.'&&,89�.':.0&-;&<'50&�04=;�.'�'40.5'4=�7>?@%,A669�B05C;(5=D9�?E,.=�F""" ! #��G#�H#�I(&'/�4'-�$#�%&'()'&'#�3=5J4=�.'0&,C5''&C0�-&8./'�65,�(./(8E&&-�KGBL�4'-�B5M#�L'�7>?@%,466�F"""9�>&8./'�?)05D40.5'�M5'6&,&'C&9N.8049�B05C;(5=D9�B2&-&'9�?E,.=�F"""# !F#��G#�H#�I(&'/9�+#�O#�G.9�4'-�$#�%&'()'&'#�P.Q&-@8./'4=�C5)E=.'/�:.4.'0&,C5''&C08�.'�HR�LM8#�L'�S5,;8(5E�5'�HR�MPTB�65,�S.,&=&88?EE=.C40.5'89�N.8049�B05C;(5=D9�B2&-&'9�B&E0&DJ&,� UUU#�V580&,V,&8&'040.5'# !W#��G.�G.9�$#�%&'()'&'�XP5-&==.'/�4'-�?'4=<8.8�56�B)J80,40&�M5)E=.'/.'�P.Q&-@�B./'4=�HR�MPTB�P.Q&,X�E,&8&'0&-�.'�L1SL%7�D&&0.'/9�(&=-�.'Y%%9�78E559�R.'=4'-9�?E,.=� U9� UUU !Z#��G#�+.'/Q.'9�G@H#�I(&'/�[�$#�%&'()'&'�P.Q&-�B./'4=�M5)E=.'/�.'L'0&/,40&-�M.,C).08�65,�B./D4@>&=04�HR�R,5'0@&'-8X9�.'�L1SL%725,;8(5E9�>&C&DJ&,� UU\9�$&=8.';.9�R.'=4'- !]#� �V#�7,.C885'�4'-�$#�%&'()'&'�XB4DE=&-�HR#MPTB�6,5'0&'-8X9E,&8&'040.5'�.'�L1SL%7�25,;8(5E9�>&C&DJ&,� UU\9�$&=8.';.9�R.'=4'- !!#��$#�%&'()'&'�XLM�>&8./'�65,�V&,85'4=�CDD)'.C40.5'X9�E,&8&'040.5'�.'VMM�L'-)80,.4=�S5,;8(5E9�%AJ<9�R&J,)4,<� UU\ !̂#��$#�%&'()'&'�X$./(�R,&_)&'C<�V4C;4/.'/�%&C('5=5/<X9�.':.0&-8&D.'4,E,&8&'040.5'�40�7,.C885'�H4-.5�B<80&D�?+9�B05C;(5=D9� UU\ !\#��M(,.80&=�>5''&,9�%4E.5�$44:.8059�1.'4�N.:.'&'9�%4E.5�B4=4;58;.�4'-$4'')�%&'()'&'#�%.&050&;'..;4'�<=.5E.805@5E&0);8&'�=44̀&'04D.'&'%),)884#�H4E5,00.�:)5-&804�F""]9�a)'�F""!#� !U#��P54bb4D�R4,&&-�1.4b.9�N(4=.-�G40.69�$4'')�%&'()'&'�4'-�%.J&,.)B&C&=&4')#�?�>5D4.'�BE&C.6.C�G4'/)4/&�65,�0(&�B&/+)8�V=4065,D#%&C('.C4=�H&E5,0�UZ 9�%KMB9�?E,�F""U#� ̂"#���P54bb4D�R4,&&-�1.4b.9�%.J&,.)�B&C&=&4')�4'-�%&'()'&'�$4'')#�?'7D)=40.5'�B5=)0.5'�65,�0(&�B&/+)8�V=4065,D#�%&C('.C4=�H&E5,0�U]\9%KMB9�F""U#�� ̂ #��%(5D48�M4'(45�O)9�$4'')�%&'()'&'�4'-�V48.�G.=̀&J&,/#�7DJ&--&-B56024,&�B<80&D�?,C(.0&C0),&�65,�P<355/=&@5'@M(.E#�%&C('.C4=�H&E5,0UFF9�%KMB9�15:�F""\#� ̂F#��H4̀&&:�N)D4,�N4'0(9�c.4'8)�S4'9�G.,5'/�I(&'/9�V48.�G.=̀&J&,/�4'-$4'')�%&'()'&'#�M5DE4,40.:&�B0)-<�65,�7':.,5'D&'04=�?88&88D&'0�56V,.'0&-�4'-�VM+�%&C('5=5/.&8#�%&C('.C4=�H&E5,0�UU"9�%KMB�V)J=.C40.5'B&,.&89�15:�F" "#� �defgfg�������������������������������������������������������%5E #� $4'')� %&'()'&'9� ?'5D4=5)8� V,5E&,0.&8� 56� B.=.C5'-.5Q.-&� 4'-M(4=C5/&'.-&�3=488&89�P480&,�56�BC.&'C&�%(&8.8�h.'�R.''.8(i9
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