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_Abstract—On-wafer measurements of very weak substrate cou- behavior of the substrate. This simplification does not hold for
pling in high-speed integrated circuits (ICs) at high frequencies high-speed Si bipolar ICs because of the relatively high resis-

suffer from the direct crosstalk between the input and output RF 4 f th r icallv 10—20cm mmonl
probes. Two alternative methods to reduce this effect are presented.t ty of the substrate (typically 10-20cm) co only used

and compared. The first one is based on an advanced deembedding”? _su_ch circutts. Moreove_)r, 5_“ very high frequ_enCI_eS, the para-
method that eliminates the crosstalk between the RF probes after Sitic inductance of metallization layers, especially in the case of
measurement. The second method utilizes an on-chip broad-band shielding, requires careful attention as well.

amplifier between the input probe and the substrate test structure. To the best of the authors’ knowledge, only a few publica-
Thus, for a given signal amplitude at the output probe, the ampli- — jnns contain both measurements and simulations up to about
tude of the input signal can be reduced, resulting in less distortion 10 GHz [11] and above [12]. The simulations in [11] and [12]
of the output signal by the crosstalk via the probes. Both methods : . :

are compared and verified by measurements up to about 20 GHz Were performed by use of the device simulator MEDICI and are
even at substrate coupling impedances as high as 0.5 (corre-  restricted to two-dimensional (2-D) configurations. In practice,
sponding to —80 dB in a 5042 system). For this, several substrate g simulator is required which can calculate three-dimensional
test structures (some with the 20-GHz on-chip amplifier) have been (3-D) problems within a reasonable computing time.

designed and fabricated in an SiGe bipolar production technolo . - .

withgzo-ﬂcm substrate resistivity. Thepmeagurement results agrgeye To address this ”ee‘?'v the r?umerlcal sut_)strate S|mu_lat0r SUSI
well with simulation results using our substrate simulator SUSI. has been developed with main focus on high-speed bipolar ICs.
As a consequence, the inflexible, expensive, and time-consumingThis simulator (described in [14] and [15]) uses the technique
way to determine substrate coupling experimentally is no longer of finite boxes as its discretization method and allows automatic
L?q#';ed in future '(|: ciﬁ.s'gns_k”ﬁt even att\éery weak Cg”p““g and - yeneration and refinement of the simulation grid, based on the
rﬁgethgggﬁzrﬁg%e gpp;iseév?()r v'eri?ywtﬁ\éesrhit;birl)i{;%(?zibsrprg?: glr;:]]g .distrib.utio.n of the electrical potential within the regior}s undgr
ulation (with SUSI) under extreme conditions. investigation. It not only models the substrate region including
its dielectric behavior (required at high frequencies), but also
the other regions on the chip that tend to have a strong influence
on substrate coupling as channel stopper and inversion layers,
as well as on-chip metallization, and oxide layers.

. INTRODUCTION The accuracy of the simulator SUSI has already been verified

ITH increasing operation frequencies of today-gy on-chip measurements up to 40 GHz, but not under extreme

high-speed integrated circuits (ICs), degradation &pnditions. The experimental verification of SUSI for very weak
circuit performance by substrate coupling is of growing influsubstrate coupling at high frequencies (here dowr- 80 dB
ence. Typical examples are mixed-mode and high-gain anaRigl0 GH2) is, therefore, the main topic of this paper. A suf-
ICs. Especially critical are amplifier arrays for parallel opticdicient agreement between simulation and measurement would
transmission links with small distances on the chip. To avoRyedestine SUSI as a powerful tool also to investigate shielding
redesigns, it is necessary to consider the effects of the substfafghods in high-frequency ICs.
on circuit performance by careful simulation. A main problem of on-wafer measurements of very weak sub-

There are several recent publications that focus on the simufate coupling is the crosstalk between the input and output RF

tion and measurement of substrate coupling [1]-[13]. Howevé¥obes, which can lead to severe measurement errors and, there-
most of them are restricted to ICs operating at lower frequencféé€e, must be taken into account. In this paper, two methods

(around and below 1 GHz), therefore, neglecting the dielectde discussed which proved to be well suited to reduce the in-
fluence of probe crosstalk. To the best of the authors’ knowl-

, . _ edge, both methods have not yet been discussed in the litera-
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device under test Fig. 2. Pad configuration for a ground-signal-ground (GSG) RF probe. By

cutting interconnections at the positions denoted by A, B, and C as shown in the
Fig. 1. Model used to describe the crosstalk between the RF probes. Table, the standards “open,” “short,” and “match” can be realized and the test
crosstalk paths from probe 1 to probe 2, modeledby, Cs.1, Cs1, andCsy,  structure for substrate coupling (DUT) can be activated.
are depicted here as dashed lines. The other direction is handled similarly (not

shown).
With the transmissions measured by the network analyzer, de-
fined as
a description of the substrate test structures under investigation ) )
in Section V. Finally, in Section VI, measurement results are r_ by ands’. = L (4)
presented and compared with simulation results obtained with 2 4 al=0 27 o/ =0

SUSI. Moreover, the effectiveness of different shielding mea-
sures is discussed. we get

Sh1 =821+ C11 + Co1S11 + C31822 + C4151152  (5)
_ _ _ _ 819 =S12 4+ C12 4+ Co2S11 + 32522 + C42511522.  (6)
In the following discussion, we will assume that the vector
network analyzer used for the measurements has already be€fo obtain the transmissions,; and.S;» of the test struc-
calibrated with a seven-term method such as TRL or LRM [1GLire only, the crosstalk of the probes has to be eliminated.
In that case, only the crosstalk between the two RF probes Iras this, the coefficients”,; andC,, (v = 1, ..., 4) are
to be taken into account, which can be considered by the simpdgjuired, which can easily be calculated from (5) and (6) by
error model shown in Fig. 11t uses four coefficient6’;;, C>1, measuring four different standards with known reflections and
Cjs1, Cyq1 to model the crosstalk from probe 1 to probe 2. Simiransmissions.
larly, the other direction is modeled 6} 5, Ca2, Cso, andCjys An important prerequisite for this is that the coefficiefits
(not shown). The test structure under investigation is describadd C,, remain constant for all measurements. Consequently,
by the scattering parametes$s, Si2, S21, andSso, while the the spacing between the RF probes must not be altered. More-
quantitiesa’, &}, of, and¥, denote the waves measured by thever, since the metallization of the test structure also has an
network analyzer. (The apostrophes indicate that these quaintiftuence on the total crosstalk, it is necessary that the met-
ties are affected by crosstalk.) allization of the standards is as similar as possible to that of
Using this model, we obtain the test structure. This can be accomplished by extending the
contact pad configuration used for the RF probes as shown in
by = (S914+C11+Co 511 +C31522+Cy1.511 S92)ay +Sa2al Fig. 2. Thus, the commonly used standards “open,” “short,” and
(1) “match” (which are not required to be ideal) can easily be real-
;o / / ized by cutting the appropriate connections using an ultrasonic
Uy =(S12+C12+ 011+ Coaa+ Caa S119)az + S cutter. Their reflectionss;; and S, are obtained by measure-
) ments, while their transmissio¥s; andS;» are assumed to be
zero because the connections “A” are cut.
An important observation for ty.picalion—wafer setups.is that the The reflections 11 andSs») of the substrate configurations
measurement error of tiveflections(i.e., 51, andSyy) is Sig-  jnyestigated here have a magnitude close to unity. Consequently,
nificantly higher than the crosstalk v_ia the RF probes (in oy, obtaining the most accurate results the coefficiéits and
case:—50 dB versus-70 dB, respectively, at 10 GHz). Thus,» , of the deembedding procedure are preferably determined

it is reasonable to neglect the influence of the crosstalk on thiging standards with similarly high reflections. In this case, the
reflections, leading to combinations of the open and short standards were used, i.e.,

Il. DEEMBEDDING OF CROSSTALK BETWEEN THE RF PROBES

y . open/open, open/short, short/open, and short/short (related to
S = —+ andS, = —= ) (3) the input/output port).
a1 1oy =0 2 la, =0 Other possible combinations of the standards can be applied

to check the accuracy of the deembedding procedure. As an ex-
ample, the standards match/match and match/open are used at
the input/output port. Fig. 3 shows the uncorrected and corrected

T , . .
1Strictly speaking, the crosstalk of the whole measurement setup is modegﬁnsm'ss'onﬁm and 5,1, respectively, for t_hese configura-
However, the contribution of the RF probes is the dominating one. tions. It can be observed that the deembedding method reduces
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Fig. 3. \Verification of the deembedding procedure using the standards: © - - O---
(@) match/match and (b) match/open. Shown are the magnitudes of the
transmissions’;; andSz1, without and with correction, respectively. Fig. 5. Equivalent circuit of the test structure used to determine substrate

coupling.Yr is the input admittance of the RF probe.

the transmission substantially in both cases, even considerin% )

the fact that the match has a reflection quite different from th& eral resistors and capacitors, models the (frequency-depen-
open and short standards used for calculating the deembedcﬂﬁg;) Input impedance of the su_bstrate test stru@tt]’_rteus, the .
coefficients. Based on these results, it can be expected that QHEPULIS loaded nearly _symmetncz_;llly, further reducing the noise
influence of RF probe crosstalk, which is of interest for meg_enerated by the amplifier. The single-ended output of the test

surements of very weak substrate coupling, is reduced by abofit'cture {z) is connected to the input of the network analyzer

10-20 dB applying the proposed method. via the probe(i» S>G.
PRyIng prop The substrate test structures discussed here can be described

by the two-port equivalent circuit of Fig. 5, whekg; = Yi»
is assumed because of reciprocity. From this, the frequency-
dependent complex transadmittariée, which represents the

I1l. ON-CHIP BROAD-BAND AMPLIFIER FOR REDUCING
CROSSTALK BETWEEN THE RF PROBES

A. Measuring Principle substrate coupling under investigation, can be calculated as
As another possibility to reduce the influence of crosstalk be- Va
tween the RF probes on the measurement results, the substrate Yor = —(Yo2 +Yp) - Vv (7)
1

test structure can be driven by a broad-band amplifier located on
the same chip. For a given signal amplitude at the output probeFor this, two unknowns have to be measured as shown
the amplitude at the input probe can be reduced according to betow: the ratio of output and input voltage of the test structure
amplifier’s gain, thus reducing the noise coupled from the inplit /V1, as well as output admittandé., of the test structure.
to the output probe. Ypr = (50! is the input admittance of the RF probe.

Fig. 4 shows the measuring setup and the amplifier/test-strucfor the measurements described now, first an adequate level
ture configuration including the probe pads. For the amplifieipr the amplitude of the amplifier's input voltagg has to be
a differential configuration is used (cf. Section IlI-B), and itg€hosen. It should be low enough to still guarantee linear opera-
layout is symmetrical to the axis between inpiit£ ) and tion of the output stage and also nearly linear behavior of the pn
output Q — Q). These measures reduce the noise in the sybnctions of the test structure. On the other hand, the amplitude
strate and on the supply lines generated by the amplifier as walV’; should be high enough to ensure that even at very weak
as the influence of these noise sources on the test structure.substrate coupling the amplitude of the output sigrtabf the

The measurements are carried out using a vector network st structure lies well above the noise floor of the network ana-
alyzer. One input nodel] is driven by the RF signal\{;) of lyzer. Then, in a first steg2/V7 is calculated from a measured
the network analyzer, while the othd) (s terminated by 5.  set of S-parameters, which also yields the output admittance
For this, a GSG ;557G ) configuration is used for the input Y»; of the test structure. In a second st&p/V; has to be de-
probe. The supply voltagé/) is also connected to the ampli-termined in order to get the ratig: /Vy = (V2/V7) - (Vi/V1)

fier via an RF probe®,S,Gyp). One node®) of the differential , _ _
2The input impedance of the substrate test structure was estimated by sub-

gmpliﬁer output drives the test strugture, while the_ other (@‘)9 ('strate simulation. Subsequently, the element values of the dummy network were
is loaded by a dummy network. This network, which consists ebtained by fitting [14], [17].
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Fig. 6. Broad-band amplifier. (a) Simplified circuit diagram of the first cell.
(b) Block diagram of the complete amplifier.
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B. Circuit Diagram and Specifications of the Amplifier 00,1 100

1 10
The amplifier has to meet the following conditions: frequency [GHz]

+ large bandwidth to cover a wide frequency range; Fig. 8. Magnitude of the measured transfer functig,{ of the broad-band

« high gain, so that the crosstalk between input and outpaneplifier (loaded by the test structure for substrate coupling).
probe can be neglected;

* output voltage swing high enough to get a sufficiently higbronn. Itis a self-aligned technology with a transistor transit fre-
signal amplitude at the input of the network analyzer (wefjuency of 50 GHz and two metallization layers. The resistivity
above the noise floor) even for very weak substrate coof the substrate is 2Q-cm, the sheet resistance of the channel

pling; stopper 5002/, and the thickness of the wafer 3pén.
* noise generated by the amplifier and fed into the test struc-The measurement results agree well with the circuit simula-
ture should be negligible (as discussed before). tion predictions. Fig. 8 shows the magnitude of the amplifier's

To increase the bandwidth as far as possible, the principtansfer functionS,; versus frequency with the output loaded
of strong mismatching between succeeding (dc coupled) stapgss0 2 (RF probe) and the test structure. The gain is 30 dB
was applied [18]. Fig. 6(a) shows the circuit diagram of thand nearly constant within the frequency range of interest. The
first amplifier cell. It consists of three emitter follower (EF)3-dB cutoff frequency is about 20 GHz. For linear operation, the
pairs succeeded by a differential transadmittance stage (TASaximum (single-ended) voltage swing at the output n@de
and transimpedance stage (TIS). The second amplifier cell loatsout 350 mV,_,,.
very similar, but uses EFs in the feedback paths of the TIS and
negative-feedback resistof in series to the emitter of each V. ComMPARISON OF THETWO MEASUREMENT TECHNIQUES

TAS transistor. Moreover, the frequency response of its gain ctf:m].he main advantage of the deembedding method is its very

be optimized by shunting an adjustable capacitor to the resé?r_nple implementation, as it is sufficient to extend the contact

tors Rg. The differential output cell, again, consists of threeads for the RF probes by some connections and (optional)
EF pairs and a TAS with negative-feedback resistors. The s P y P

. : matching resistors. For utilizing the broad-band amplifier, sig-
output nodes are loaded on-chip by S0esistors each and byz—%}‘écantly more design work has to be invested. However, once

the substrate test structure and its dummy, respectively. Fig. 6 amplifier has been developed for a given technology, it can

shows the p!ock dlagram.of the complete amplifier. Thg Ia_yoH}e used to measure quite different substrate test structéyes.
of the amplifier and the driven test structure are shown in Fig.

The amplifier and test structure have been fabricated in aSif’!,‘r'(]e()ther advantage of the deembedding method, the maximum

bipolar production technology of Atmel Germany GmbH, Heil- 4To optimally adjust the amplifier's transfer function and the impedance of the
dummy network to the different loads caused by the investigated test structures,
3Instead, a second test configuration without®@eading of the amplifier slight modifications are provided by changing circuit elements by (ultrasonic)
can be used. It should be arranged near the first one (on the same chip) to nautting of metallization lines. However, this option is only required if the input
mize the impact of fabrication spread. impedances of the test structures differ substantially.
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Fig. 9. Top view of a test structure for measuring very weak substr
coupling using the broad-band amplifier. The coupling path between
transistor isolation boxes (size 6060 ;m) over a long distance (3Qom) is
investigated. The amplifier (not shown here) is placed on the left side of t
test structure (cf. Fig. 7).

ta&?g. 10. Test structure with reduced shielding. Compared to Fig. 9, the

YWbstrate contacts parallel to the coupling path have been replaced by small
uare contacts, and the shield ring surrounding the receiving transistor
lation box has been deactivated by cutting its ground connections.

measurement frequency is only limited by the measurem fgtor 0f_2.5 compared to the zero-biased case. This transmitter
equipment. In contrast, the broad-band amplifier has an up K 1S shmlqled b_y a rgctangular subsFrate (?ontact (SC1).
limiting frequency which depends on the technology used. The trar_1$|stqr |solat|0_n box on th_e right side of the test struc-
As a disadvantage of the deembedding method, at least fi/& (receiver) is zero-biased and is surrounded by a grounded
measurements are required to determine all error coefficieftdStrate contact ring (SC2) with high shielding effectiveness.
and the substrate coupling (cf. Section I1). For all these meAdditional substrate contacts are placed parallel to thg coupling
surements, crosstalk between the RF probes must be assuRf&h (SC3) to further reduce coupling and, moreover, in the four
to be unchanged. This assumption is not necessarily guarante@iers of the test structure (SCO) to obtain a well-defined po-
due to slight variations in contact resistance and positioning i@l for the substrate surface (and the channel stopper), which
the probes. Consequently, special care is required to ensufé 4S€d as areference ground for all measurements. The connec-
consistent set of measurement results. Furthermore, the achfiqns between all shielding substrate contacts and grogiad (-
able reduction of probe crosstalk is not reliably predictable a@) have been designed to be as short as possible to minimize

depends strongly on the dynamic range of the measuremBafasitic inductances which reduce the shielding effectiveness
system. at high frequencies [15].

When using the amplifier method, only two measurementsAnother test structure with the same distance between trans-

are required (cf. Section I11). Moreover, the factor by which th&nitter and receiver box but reduced shielding, i.e., stronger
probe crosstalk is reduced is known, as it is equal to the g&@upling, is shown in Fig. 10. This test structure has small
of the amplifier. Thus, it can be concluded that the results oduare substrate contacts (SC4) instead of the horizontal
tained with the amplifier method normally have a higher degré®es (SC3), and the shield ring of the receiving transistor
of accuracy for very weak substrate coupling since the prois@lation box has been deactivated by cutting its ground con-

crosstalk is reduced physically and the method is less sensitietions. Consequently, the shielding capability is reduced, and
to measurement uncertainties. grounding of the channel stopper area between transmitter and

receiver is not as good as before. The test structures in Figs. 9
and 10 can be directly driven by the broad-band amplifier. In

order to be able to apply the deembedding procedure, short-
Several test structures have been designed and fabricaifil open-standards are required (cf. Section II). For this, the

to investigate very weak substrate coupling and to verify thest structure of Fig. 9 is extended by the pad configuration of
methods discussed in Sections Il and Ill. An example, whighg. 2, as shown in Fig. 11.

is driven by the broad-band amplifier, is shown in Fig. 9. It gjnce the substrate coupling only between the two transistor
consists of t2vvo transistor isolation boxes which have a size @f|ation boxes is of interest, the influence of the pad capaci-
60 x 60 um" and are separated by 3@@n> Both boxes are 5ces and interconnection inductances has to be removed by
connected to RF probe padsi(ands») in the upper metalliza- 5 gqditional deembedding step. This is only possible if there is
tion layer. The left box is connected directly to the output of thg, .o |1-defined ground beneath the probe pafis{.), which is
amplifier an_d a_cts_as a transmitter_ _of substrate noise_. Its bmvided here by grounded buried layer areas. These also help
voltage, which is given by the amplifier’s output stage, is aboyl reqyce direct coupling of signals from the pads into the sub-
5.25V, thus reducing the substrate capacitance of the box byigyie Apart from these extensions, the test structure equals that

. . _ in Fig. 9, which is used in conjunction with the amplifier.
5This and the following test structures were also designed, and measured forAdd. . | desi d d fabri d
shorter (20Q:m) and longer (40@m) distances. For additional test structures, itional test structures were designed and fabricated to

see [15] and [17]. measure the technological and electrical parameters required for

V. TESTSTRUCTURES FORSUBSTRATE COUPLING
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Fig. 11. Teststructure used in conjunction with the deembedding method. The e | | s
structure of Fig. 9 has been extended by the pad configuration of Fig. 2 so that -180 100
the required standards can be fabricated by cutting interconnections with an 0.1 fre Uenc [G1 I-(I)z]
ultrasonic cutter. q y

Fig. 12. Comparison of measured and simulated transadmittancer the
the numerical simulation [14]. These are, e.g., the sheet resést structure in Fig. 10 with reduced shielding. The measurement result was

tance of the channel stopper and inversion layer, the area-sp¥ained with the broad-band amplifier.

cific oxide capacitances between the metallization layers and

the substrate, and the specific substrate capacitances of bottom 107* g
and periphery of the transistor isolation boxes. These parame- _ F 3
ters were measured on the same wafer as the substrate coupling Tc'. 107° = 3
in order to avoid that the comparison between measurement and - E ]
simulation is influenced by fabrication spread. s 1076 3 3
o F 3
o o ]
VI. MEASUREMENT AND SIMULATION RESULTS g 107 = 7 __ measurement 3
In this section, the results obtained with the two measurement 108 ;== num.simulation = 3
techniques are presented and compared to the numerical sub- 0 —r—rprr—r
strate simulation. Again, coupling is defined by the transadmit- L ]
tanceYs; of the test structure. For the method using the ampli- _90 .
fier, Ys; is easily obtained as described in Section IIl. For the = I _
deembedding technique, it can be obtained by converting the & -180 [ i
deembedded-parameter set into a two-port admittance matrix _g X _
and removing the influence of the pad capacitances and induc- -270 |- -
tances of the interconnections between pads and transistor iso- — nmfnﬁfgif;fﬂg%n ]
lation boxes. For comparison, the admittance matrix is also cal- 360 L——r ool v iennl e
culated using the substrate simulator SUSI. 0.1 frequency [G1I-(|)z] 100

First, the results obtained with the broad-band amplifier are

discussed. Fig. 12 shows the measured and simulated trangg@13. Measured and simulated transadmittatice for the test structure
mittance for the test structure in Fig. 10 with reduced shielding.Fig. 9 with weak coupling. The measurement result was obtained with the

A very good agreement is observed for both magnitude api@ad-band amplifier.

phase up to about 20 GHz, thus demonstrating the suitability

of both the measurement method and the numerical simulattr.10 GHz. The good agreement of the magnitudéafbe-

The upper frequency limit is given by the cut-off frequency dfveen measurement and simulation results at such a weak cou-
the amplifier. The magnitude of the transadmittance at 10 Glgling demonstrates the suitability of both methods even under
corresponds to a transimpedance of about®Qdorresponding extreme conditions. However, the phase shows large deviations
to —60 dB in a 50€2 environment), which is remarkably high asabove 6 GHz. It is supposed that this is a result of the high sen-
only one of the two transistor isolation boxes is shielded. Thsdtivity of the phase to the measurement environment, due to the
is because the boxes are relatively small and the transmittiveyy weak substrate coupling. This includes the influence of the
isolation box is strongly reverse-biased, thus having a reduaaétallic chuck, used to carry the chip or wafer during measure-
substrate capacitance. ment, as well as the influence of adjacent structures on the same
By activating all shielding measures, as in the test structuchip. Such effects are very difficult to describe and are, there-
of Fig. 9, substrate coupling is substantially reduced. The mdare, not considered in the substrate simulation.
surement and simulation results for this test structure are showrn order to further reduce substrate coupling, the distance be-
in Fig. 13. Compared to Fig. 12, substrate coupling is now reween the transistor isolation boxes in the test structure of Fig. 9
duced by an order of magnitude, resulting in a transimpedangas increased from 300 to 4Q8m. In this case, transadmit-
as high as 0.5 % (corresponding te-80 dB in a 508 system) tances as low as 2.710~7 Q! (transimpedance 3.7 W) at
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0.1 1 10 100 Fig. 15. Simulated transadmittances of the test structure in Figs. 9 and 10 for
frequency [GHz] different degrees of shielding by substrate contacts (SC). (1) No shielding, only

the four SCs in the corners are active (SCO0). These contacts are also presentin all

Fig. 14. Measured and simulated transadmitta¥ige for the extended test the other cases. (2) Small square SCs in the center (SC4 in Fig. 10). (3) Vertical

structure in Fig. 11. The measured transadmittance is shown with and with&@ stripe at transmitter and small square SCs (SC1 and SC4 as in Fig. 10).

correction by the deembedding method. (4) Horizontal SC stripes (SC3). (5) Shield ring at receiver and small square
SCs (SC2 and SC4). (6) Transmitter and receiver shielded, horizontal SC stripes

61 . (SC1, SC2, and SC3 as in Fig. 9).
1GHzand1.310 * - (transimpedance 0.77%) at 10 GHz

were measured, corresponding+87 and—84 dB in a 5082 )| square contacts SC4 (Fig. 10) near the main coupling path
environment. , (curve 2)7 If these contacts are lengthened over the whole dis-
In addition, the method for deembedding the probe crosstalit,ce petween transmitter and receiver (SC3 in Fig. 9), coupling
was applied using the extended test structure of Fig. 11. Ty pstantially reduced (curve 4). Similar results are obtained at
measurement results with and without deembedding of prog, frequencies if, instead of SC3 a vertical contact stripe SC1
crosstalk are shown in Fig. 14. It is clearly demonstrated th@g 9) is provided at the transmitter in addition to SC4 (curve
the uncorrected data yields by far too high magnitude®,ef 3y however, low-frequency shielding is worse. Shielding can be
here by up to a factor of 8 at 20 GHz. After deembedding, th&, roved within the whole frequency range under investigation
magnitude oftz, agrees quite well with the simulation restilt, ¢ jnstead of the vertical stripe at the transmitter a shield ring
inserted for comparison, up to about 30 GHz. These resulfs, nd the receiver is used (curve 5). Applying all shielding
verify the deembedding of probe crosstalk under extreme cQRaasures together, i.e., SC1, SC2, and SC3 as in Fig. 9, the

ditions. However, above about 8 GHz larger deviations in thgagnitude of the transadmittance can be further reduced (curve
phase between the corrected measurement and smulatmn@r@lere down to 410~7 Q! (corresponding to 2.5-M tran-

observed. This may be caused by the dominating influence%pedame) at 1 GHz and to 20~ Q! (corresponding to
probe crosstalk compared to the substrate coupling under gng_\i) transimpedance) at 10 GHz.

vestigation and by the influence of the environment of the test

structure, as discussed before. VII. CONCLUSION

Additional test structures have been examined by applying

the presented methods with both reduced and enlarged distancd¥/© methods have been presented and compared which allow
and also without channel stopper between the two transistor i3 measurement of very weak substrate coupling up to high
lation boxes. Transimpedances of up to £Mt 10 GHz were frequencies. Using shielded test structures, transadmittances as

observed. For all structures, good agreement with the simul@w as 2.7- 10~ Q~* (transimpedance 3.7 ) at 1 GHz and
tion results could be achieved. 1.3-10°% Q! (transimpedance 0.77 §) at 10 GHz could
The effectiveness of the different shielding measures, as &§-measured, correspondingt87 and—84 dB in a 50 en-
plied in the test structures of Figs. 9 and 10, is now inveslronment. The results of both measuring methods agree well
gated and compared by numerical simulation with SUSI. ngth numerical simulations obtained by applymg our substrate
simulation results are shown in Fig. 15. Strong coupling is ofimulator SUSI. Thus, not only the measuring methods but also
served if the channel stopper between transmitter and receilft§ Suitability of SUSI are verified for very weak substrate cou-
is grounded only via the substrate contacts SCO (Fig. 10) in tA#g: As a consequence, SUSI proved again to be an efficient
corners of the test structure (curve 1). These contacts are 8§ flexible tool for investigating substrate coupling and ade-

used in all of the following examples. The shielding effectiveduate shielding methods in high-speed IC’s. o

methods investigated here can substantially deteriorate (espe-
6There is only a slight deviation from the simulation results in Fig. 13 which
is mainly caused by the additional shielding of the transmitting and receiving”Without channel stopper (but considering the resulting inversion layer) sim-
transistor isolation boxes due to the influence of the buried layer beneath ilae results are obtained up to about 2 GHz, but weaker coupling is observed at
padsS; andS.,. higher frequencies.
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cially at high frequencies [15]) if the grounding of the shields is[17] M. Pfost, H.-M. Rein, W. Steiner, and A. Stiirmer, “Simulation of sub-
worse compared to the examples presented here. This is the case Strate coupling with special regard to shielding in high-speed Si/SiGe
. L . .. bipolar ICs,” inProc. Eur. Microwave Conf1999, pp. 133-136.
if, e.g., parasitic inductances caused by On-ChIp wiring, bond 18] H.-M. Rein and M. Méller, “Design considerations for very-high-speed
or package leads are located between shield and ground. The Si-bipolar IC’s operating up to 50 Gb/SiEEE J. Solid-State Circuits
influence of these inductances may be reduced if the backside_ Vol 31, pp. 1076-1090, Aug. 1996. L

. . . o Jlg] M. Pfost, “Modeling of the substrate in high-speed silicon bipolar in-
of the Chlp acts as a shield. For this, several precondltlons have tegrated circuits,” Dr.-Ing. dissertation (in German), Ruhr-Universitat
to be met. For example, the substrate must be thinner than the Bochum, Bochum, Germany, Apr. 2000.
distance between transmitter and receiver, and the backside of

the chip must be carefully grounded. If there is a certain par-

asitic inductance between backside and ground, coupling c~= Wolfgang Steinerwas born in Essen, Germany, in
even increase. 1974. He received the Dipl.-Ing. degree in electrical
All these effects have been considered in practical desigl gg%wl‘f;r”(‘ger:;g’;‘y ti?]elggg‘hr'un“’ers'ty Bochum,
For this the numerical simulation results calculated by SU: He then joined the Institute of Electronics (Arbeits-
were converted into an equivalent substrate network with fe gruppe Halbleiterbauelemente) at the Ruhr-Univer-

sity Bochum as a Research Assistant. His main field
of research is simulation and modeling of parasitic
substrate effects in high-speed bipolar ICs.

lumped elements [15], [19], which can easily be handled in
circuit simulator such as SPICE, together with all addition;
parasitics.
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