50 IEEE TRANSACTIONS ON MAGNETICS, VOL. 38, NO. 1, JANUARY 2002

Design and Performance of an Inductive
Current Probe for Integration Into the
Trace Suspension Assembly

Anthony B. Kos, Thomas J. Silva, Pavel Kabos, Matthew R. Pufall, Donald C. DeGroot, Larry Webb, and Marc Even

Abstract—A low-cost, inductive current probe designed for in- ane:sSi;g
tegration into a disk drive trace suspension assembly is described. Trigger Foimin Scope
The main consideration for this design was to use the same mate- Out Trigger
rials currently found in trace suspension assemblies, and thus re- | 5. oupu channel A
ducing costs, while at the same time providing a drive characteri- LJ Ground Plane c_l

. . X . . = Channel B
_zatlon'tool capable of measuring 100 ps head f!eld rise times. The Pulse Longitudinal [ YTransverse -
inductive current probe consists of a pair of differential copper Generator Bias i Saturating Digital
conductors fabricated adjacent to the write driver interconnects FieId* "D [y | Pickun’ |F'e|d o?;ﬂ‘é’s“c’:)ge
and magnetically coupled via a Ni—Fe thin film placed on top of L d P
these conductors. The differential conductor pair is connected to a 728 ohm B: x

high-speed sampling oscilloscope to measure the speed of the write
current pulse and thus infer the write head field rise time. Dataare  _. : i . -
shown for high-speed pulses generated with rise times of less than/9: 1. System diagram for inductive current probe. The arrows indicate the
100 direction that the longitudinal bias and transverse saturating fields are applied.
ps. To perform an impulse response measurement, the passive impulse-forming
Index Terms—Current probe, head field rise time, inductive network shown is inserted into the output path of the pulse generator where

voltage, trace suspension assembly, write head current. indicated.

The inductive current probe (Fig. 1) consists of two sets of
. INTRODUCTION differential copper conductors over a dielectric-covered, stain-

N THE design of high-data-rate disk drives, it is instructivé®SS Steel ground plane, which are magnetically coupled via a
I to know the rise time of the write head current pulse. gxNi—Fe thin film placed upside-down onto the conductors. Since
ternally inserted current probes have been used under labdfg Ni—Fe film is not actually part of the trace suspension fab-
tory conditions to measure write head current waveforms afi§ation process, the process does not need to be modified to
infer field rise times [1]. However, it would be useful to be abldclude Ni=Fe thin film production. The copper conductors are

to measure actual current waveforms in a commercial drive %qated with a layer of polyimide, approximately.fn thick, to

prototype device under normal operating conditions using tREevent the Ni—Fe film from shorting to the conductors. In an

existing interconnects. We present an inductive current probe?é%ual drive, the first set of conductors would be the write driver

o . . ) -~ nterconnects integrated into the trace suspension assembly. The

a tool for accomplishing this goal while perturbing the drive sig- : . : T
. : ther set, used for signal pickup, is connected via microwave

nals as little as possible.

The costs associated with this method are low, since convgrﬁt-)beS to a high-bandwidth digital sampling oscilloscope.

. . . . .~ Totestthe design and performance ofthe current probe, acom-
tional trace suspension materials and manufacturing techniq

d to fabricate th t orobe. This is of d H%rcially available, broadband step generator is connected with
are used fo fapricate the current probe. This 1S of some & Var’s'ingle—ended connection via the ground plane to the inner con-
tage, since the current probe could even be present on EVETY fiitor on the drive side. The other end is terminated in 50 ohms.
sembly manufactured for use in quality assurance. In additi

; , o X Othis pulse generatoris capable of delivering 10 V steps with 50 ps
since the probe pickup is incorporated between the highly OVelse imes and 10 ns duration, to simulate very fast write current

driven write drivers (required to provide short head field risgses. Each end of the inner conductors on the pickup side is
times [2]) and the thin film write head, this is a triresitucur- - connected, in a single-ended fashion, to the two channels of a dig-

rent rise ime measurement. ital sampling oscilloscope. This sampling oscilloscope, which
has the 14-bit dynamic range necessary to extract millivolt-level
Manuscript received June 25, 2001. signals, averages the waveforms more than 500 times to achieve
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B. Ni—Fe Film

Ni—Fe (81% Ni, 19% Fe) films, 200 nm thick, were grown by
DC magnetron sputtering in the presence of a 16 kA/m (200 Oe)
magnetic field onto glass cover slides. The glass cover slides
were chosen to prevent eddy current effects in the substrate ma-
terial from affecting the measurement results. The films were
measured on a conventional induction-fi§lB—H ) looper to
determine their magnetic properties. The square loops thus ob-
tained had a coercivity of roughly 100 A/m (1.2 Oe) and a sat-

' uration magnetization of 800 kA/m. The anisotropy induced by
Ground Plane Pads deposition in field is about 400 A/m (5 Oe).

Fig. 2. Photograph of inductive current probe test structure. The Ni—Fe thin I1Il. THEORY

film is placed upside-down onto the conductors and located in the center of the

test structure as indicated in Fig. 1. High-bandwidth (40 GHz) microwave probas General

are used to make contact to the ground plane and copper conductors seen at the

edges of the photograph. Inner conductor spacing shown ig800 For a magnetic thin film sample placed directly on top of the

1004m wide copper conductor, we would expect a pulsed field

all background signals, inductive or capacitive, that do not ma%f_/approxmately 1000 A/m (12.5 Oe) froi p = I/2w, de-

netically propagate through the Ni—Fe film. The results of th 'etdh fgfr t‘;ﬂii::fz:r? _unn|f(c:)r|:r1€%ttj(r;ezt 25(;1(;3 (:Aﬁgzﬁéh\?
subtraction are integrated to yield the response of the magn(g\ﬁI . . ying cu -~
system to the applied current pulse pulse driven into 50 ohms). Since the film is separated from the
An additional set of measurements is required to obtain tﬁgnductors b_y a M.n Iayer_ of polyimide, the actual puls_ed_ f'el.d
impulse response of the current probe assembly. A passive seen by the film will be slightly smaller. If the magnetic film is
pulse-forming network is attached to the previouély mention%ﬂaced such thatthe anisotropy axis is perpendicular to the direc-
fast pulse generator in order to generate a 1 V impulse whosg! of the pulsed field, t.he magnetization .Of thg film W".l rotate
full width at half maximum is less than 100 ps. This set of megi‘—nd propagate to the pickup side, and this action wil induce a

surements yields the impulse response of the magnetic syst\e/%tagev” across the pickup conductors. For sufficiently small

: rotations, linear system theory can be applied to the analysis of
The actual step current waveform can be obtained once the RJeS .

. . . resulting voltage waveforms. An externally generated DC
viously obtained response to the pulse current is deconvolv&as field. H~. aoplied parallel to the anisotrony axis. can be
with the measured impulse response. B ”pp P L Py !

used to “stiffen” the magnetization, and thus force a response

with greater linearity, but at the expense of induced signal am-
[I. DESIGN OFINDUCTIVE CURRENT PROBE plitude. Measurements taken over a range of applied bias fields
reveal thatd z = 0 is adequate for our purposes, indicating that
_ _ o o the Ni—-Fe samples used have a well-established, predominately

Conventional trace suspension material is supplied in shegigle-domain anisotropy axis. This also makes the inductive
form consisting of a thin, 1&m copper layer separated fromprobe technique more easily applied to actual hard drive mea-
a 20 um stainless steel ground plane by a layer of polyimidgurements, since only the saturating field need be applied.
18m thick. Standard photolithographic techniques are used forrhe induced voltage obtained above, = —d®/dt, is

patterning of the copper traces followed by chemical etchings|ated to the average magnetization perpendicular to the
Access to the stainless steel ground plane is provided by nagrisotropy axisM,, by [3]

chanically removing the polyimide wherever contactis required,

leaving a contact window for the microwave probe contacts. — 4

A photograph of a typical test structure is seen in Fig. 2. The My = odle /Vpdt @)
copper conductors are 1Qam wide and the center overlap-

ping section where the Ni—Fe film is laid is about 4.5 mm longvhereé is the film thickness] is the film length and: is the
The spacing between the inner drive conductors and the inweupling efficiency between the magnetic film and the pickup
pickup conductors, defined from conductor inner edge to colire.

ductor inner edge, was varied from pfh to 500,:m in 50 :m Consider the static one-dimensional micromagnetic calcula-
increments. This parallel microstrip geometry is patterned tion of an average magnetization distribution in equilibrium as
resemble the write driver interconnects in a typical trace sushown in Fig. 3. Integrating/ over the length of the pickup line
pension assembly. Each microstrip line is designed, using rto-obtain the transmitted flux gives the DC coupling efficiency
crowave finite-element modeling, to have a nominal character-which is defined as the detected flux on the pickup side nor-
istic impedance of 50 ohms and a differential impedance ofalized with respect to the flux integrated over the drive side.
100 ohms. For the purpose of evaluating the usefulness of thig. 4 shows the coupling efficiency for inner conductor edge
inductive current probe, only the innermost conductors are usgaljnner conductor edge distances of /&, 100.:m, 200,m,

the outermost conductors are left unconnected and are not ugg@.m, and 30Q.m. While such a calculation ignores the im-
at all in this work. portant details of dynamic effects within the magnetic film, we

Ground Plane Pads

A. Trace Suspension Fabrication
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1200 The substitution ofAl, = 800 kA/m, H; = 400 A/m,

6 = 200 nm,w = 100 um, andl = 8 mm gives a Ni—-Fe
loaded self- inductance of = 2.4 nH. This low value of
self-inductance indicates low perturbation of the write driver
interconnects, where the Ni—Fe slab is present over only one of
the differential conductors.

1000
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C. System Bandwidth

The resonance frequency of the current probe can be calcu-
lated using simple ferromagnetic resonance theory [4]. Using
-200 : | the values given above in the equations

-200 -150 -100 -50 0 50 100 150 200
X (um) TM6

Hy pe = ;
Fig. 3. One-dimensional micromagnetic simulation. The coupling efficiency 4w

calculated by the micromagnetic simulation, for the;5@ conductor spacing _ \/ ] ]
shown, is approximately 31%. w =poy\/ Ms(Hp + Hy + Hk,DE) ()

200 £

0

0.35 - alongwithHp = 0A/m, Hy pr = 1.26 KA/m, and making use
Y, CurveFit of v = 27 x 28 GHz/T, we get approximately 1.3 GHz for the
03 | N TTYTOI0eR(00041x precessional frequency. However, the precessional frequency
S — - 160 of the ferromagnetic element is not the system bandwidth. Fre-
w 025G N ® Simulation Results quency components greater tharstill have a sufficient SNR
§ ™. 1120 to permit the extraction of relevant data. Analysis of the spec-
5 02r AN ) tral shape of the measured data reveals a bandwidth greater than
T N ;& 4 GHz, which indicates that the system is capable of measuring
2 05r LN 18 *© current rise times as short as 90 ps.
g "
3 o1f ~e. - '
© > 40 D. Linear Response and Deconvolution
0.05 243 um characteristic To extract the actual pulse current waveform from the sys-
decay length tems response to a pulse current requires a deconvolution of the
0 ' ! : . : ! 0 measured system response with a measured impulse response.

0 50 100 150 2006 250 300 350

X (um) This operation is more easily performed in the frequency do-

main. After the subtraction is performed on the raw saturated
Fig. 4. Fluxtransmission coupling efficiency calculated byaone-dimension%nd_ unsaturated system re_sponse data, the _data are integrated
micromagnetic simulation. to give the time-dependent induced flux. The impulse response
data are also integrated to give the flux induced by the impulse.
do learn that the flux coupling between the drive and pickup Let us consider the inductive current probe as a “black box”

lines is not negligible in the DC limit. linear system with input’ (current) and outpu¥” (induced
voltage) and with a system response function denotegd, as
B. Calculation of Self-Inductance The time domain expressiokip = —d®/dt corresponds to
To prevent the Ni—Fe film from perturbing the write driveithe frequency domain expressibifw) = —iw®(w). Also, we

interconnects, the interconnect self-inductance when the fikan make use of the fact that convolution in the time domain
is in place must not be too large. The self-inductance can @@fresponds to multiplication in the frequency domain. The

calculated from the flux cutting through the film expression for flux in the frequency domain (signified by the
tilde) is
b = @ =Ll @) i i
® = Guoﬂmf (6)
wherelL is the self-inductance. The relative permeabilityis
given by [4] whered is a geometrical coupling factor that changes with con-
M ductor-to-conductor gap distance. This leads to
Hor - (3

= M,
Hy + =3° - : oo
Vsrer = — iwGuofitad

whereM, is the saturation magnetization of the film afg is Vinpurse = — iwGiofitalo @)

the anisotropy. Combining (2) and (3) and making us# pf=

I/2w yields where we make use of the fact that the impulse function in the

oMlé time domain is unity in the frequency domain. Note that the ex-
- dwH,, + TM.§ ) perimentally generated impulse is not a perfect value of unity;
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thus the amplitude associated with the impulse is left unspeci- 60 = ! ' ]
fied asly. We are then left with the deconvolved result in the i~ ig i Unsaturated |
frequency domain: % """ Saturated
~ ~ o
ﬂ - i (8) g
Vivpurse o =
Care must be exercised with this result to avoid instability prob-
lems for frequencies where the denominator is small. The final < 20
time domain current waveform is obtained using the inverse E 15+
Fourier transform. [l
2 s+
IV. DISCUSSION 8
The data, as presented, were taken at a conductor spacing (as § ° N
defined above) of 100 nm with no longitudinal bias field applied. s
We measured test structures fabricated with a larger conductor 1 | | |
separation, but the 100 nm spacing gave the best SNR while 8| |
still maintaining a conductor spacing large enough to minimize g 6 - -
coupling with no Ni—Fe slab present. a
It must be made very clear that no differential measurements g Aar ]
are presented in this work; our equipment uses single-ended 2 b .
coaxial connections, and the outermost conductors shown in | ‘ ’ |
Figs. 1 and 2 are not used in any way. This work is, however, % 1 2 3 4 5
still applicable to differential write-driver interconnects because Time (ns)

the Ni—Fe slab would be present over only one line in an actual
differential interconnect used in a real drive measurement. Fig- 5. Response of inductive current probe to current pulse. The top trace is

Th ial mi b d tb d fi r[taIIe raw saturated and unsaturated signals. The middle trace is the difference of
€ coaxial microwave probes used must be pressed NMy¥se oo signals. The bottom trace is the result of integrating the difference

against the stainless steel ground plane pads; otherwise thesigal.
sults obtained are unrepeatable. The actual repeatability of the
measurement is usually quite good (better than 5%) when rea-
sonable care is taken to make sure the Ni—Fe film lies flat on the
surface of the current probe. Minor differences in film spacing,
due to dust particles, appear as field strength variations (these
are small variations in which the field strength continues to re-
main in the small signal regime) and signal pickup variations
(which are removed by the background subtraction process ap-

Magnitude (pWb)

plied to the saturated magnetic film). 0 1 2 3 4 5
It is important to verify that the Ni—Fe slab does not perturb Frequency (GHz)

the characteristic impedance of the write driver interconnects
Flﬁi 6. Spectral response of pulse current waveform. Note resonance

when the slab is in place. To do this, we performed transmissig,
measurements on the drive line interconnects using a 10 V pulse
with a 90 ps rise time. The results showed that the voltage per-
turbation with the slab in place was not significant and the rise
time variation was less than 1 ps. We also performed transmis+ig. 5 shows the response to the input current pulse obtained
sion measurements using a 1 V, 100 ps wide impulse. The ifrem the raw data acquired with the digital sampling oscillo-
pulse amplitude was slightly reduced, about 5%, while the riseope. The top data set is the raw voltage waveforms taken with
and fall times were not affected. This small amount of perturbtie Ni—Fe film in a magnetically saturated state, and with the
tion is to be expected, since the Ni—Fe slab is thin comparedfilm in a state where it is allowed to rotate freely. The middle set
the ground plane, and indicates that the current waveform meédata shows the difference signal obtained by subtracting the
sured is the same regardless of whether the slab is present ortwai.raw datasets. The bottom trace shows the difference signal
Artifacts seen in the reconstruction of the input current pulsdter integration. The sag seen at the end of this trace is due to the
(precursor and oscillations) are due to the limited bandwidth aeeuctive nature of the technique. The lower cutoff frequency
sociated with the deconvolution process. If a larger bandwidéissociated with this “high pass” response is about 20 MHz, de-
is used, then division by zero becomes a problem with the diiced from the approximate sag time constant of about 8 ns.
nominator of (8). The precursor structure seen in Fig. 7 is notThe spectral response of the current probe to an applied cur-
currently understood. The bandwidth of the measurement couduht pulse is shown in Fig. 6. The resonance frequency shown is
be further improved if narrower conductors were used in the ciabout 1.2 GHz. This is close to the value of 1.3 GHz predicted
rent probe test structure. by theory. Note that there is considerable spectral power past

uency around 1.2 GHz, however, spectral power is evident to 4 GHz.

V. RESULTS
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T Fig. 8. Spectral response of impulse waveform. Resonance frequency is still
2 around 1.2 GHz. Note spectral power evident to 4 GHz.
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0 1 2 3 4 5 Fig. 9. Final current probe waveform. Also shown is the original fast current
Time (ns) pulse sent into the drive side interconnects. Note precursor and oscillations due

to finite bandwidth effects associated with the deconvolution process.

Fig. 7. Impulse response of inductive current probe. The top trace is the raw

saturated and unsaturated signals. The middle trace is the subtracted differenc . .
signal. The bottom trace is the integrated difference signal. Width of the measurement inferred froBW = 0.35/tr is

about 3.9 GHz. Also shown in Fig. 9 is the voltage pulse, which

the resonant peak; useful signal can be seen as far out as 4 G¥s sent into the drive side interconnects, converted to current
Since this technique uses deconvolution of the system respoR¥élividing by 50 ohms. The current probe replicates this wave-
to extract the relevant data, this additional bandwidth resultsfefm reasonably well. Data taken at various longitudinal bias
an improved Switching response time. ﬁelds, from 80 A/m (1 Oe) to 8 KA/m (100 Oe), show aVirtUa”y

Data from the System impu|se response are shown in Figldentlcal current SWitChing Waveform, with Only anoticeable in-
The top, middle, and bottom traces show the raw impulse dagi€ase in the noise level at higher bias fields due to decreased
difference signal, and integrated result. The signals seen in fignal level. For simplified usage in disk drive applications, an
top of the figure are very similar, and it would seem difficulexternal bias field is not required.
to obtain a meaningful difference; however, this technique hasThe inductive current probe is a useful tool for character-
been used to extract useful difference Signa|s from |arge raw Siy..ng head field rise times and inferring the overall write channel
nals: signals as small as 10 mV have been reproducibly extracksgdwidth. The low cost, high bandwidth, and relative ease of
from 10 V raw signals. As indicated before, an oscilloscope wititPlementation of the inductive technique makes it a useful tool
low drift, low noise, and large dynamic range is required. TH&r disk drive manufacturers.
integrated pulse current result obtained above is deconvolved

(using the above frequency domain techniques) with the mea- REFERENCES
sured impulse response to obtain the step current waveforny; x g kiaassen and J. C. L. van Peppen, “Nanosecond and sub-
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