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Fig. 3. Cell length and force during isometric and unloaded shortening
contractions in the same myocyte. A: cell length during isometric (solid line)
and unloaded shortening {dashed line) contractions. Length change during the
isometric contraction was <XC.5 pm. B: developed force during the isometric
(solid line} and unloaded shortening (dashed line) contractions shown in A.
During unloaded shortening, the force was zero. In this cell, cross-sectional
aren was 749 um?,

data. The achieved physiological work calculated thus deter-
mined in 20 cells was 828 = 123 J/m>.

We changed load and obtained a series of force-length loops.
The curve connecting the top left corrers of these loops was
convex upward, analogous to the end-systolic pressure-volume
relation of the rodent ventricle (Fig. 4) {12). Applying linear
regresston to these points yielded a slope of 1,260 = 108
nN/pwm (n = 17 cells).

By stretching the cells before the contraction, we could
observe the effect of increasing preload. As shown in Fig. 5,
not only the isometric force (Fig. 5A) and unloaded shortening
length (data not shown) but also the external work (Fig. 5B)
increased depending on the preload. Because muscle length
and force at baseline varied considerably, we could not achieve
statistical analysis of this findings, but similar preload depen-
dence was found in 10 cells.

Sarcomere length. We measured sarcomere length and com-
pared it with simultaneously recorded cell length. We con-
firmed that cell length always changed in parallel with sarco-
ere length under resting conditions as well as during contrac-
tion against low load (Fig. 64). In 12 cells in which sarcomere
length signals of good quality were obtained, similar observa-
tions were made. Although it was difficult to determine sarco-
mere length during isometric conditions due to blurring of the
Sarcomere pattern, we could record it in eight cells. Although
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Fig. 4. Force-length loop of a single cardiomyocyte under various loading
conditions. Data were obtained during adaptive control for isometric and
unfoaded shortening as well as simulated ejection. The y-axis shows force (raw
data) and force per cross-sectional area (in this cell, cross-sectional area was
749 wm?). Linear regression was applied to the top left corner points of the
toops. The slope of the regression line was 1,730 nN/wm. External work
produced by the ejecting contraction was 1,139 J/m?,

small compared with sarcomere shortening during uncontrolled
contraction under unloaded conditions (Fig. 6B, solid line), we
observed internal shortening of sarcomeres (Fig. 6B, dashed
line) of the same magnitude (=0.1 wm) in 8 cells.

DISCUSSION

Single cell mechanics by the carbon fiber technigue. In this
study, we studied the mechanics of single rat cardiomyocytes
over a wide range of loading conditions including isometric,
unloaded, and physiological loading conditions. To our know!-
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Fig, 5. Pretoad dependence of contractile function A: isometric contractions
under two different (solid line 1.78 pm; dashed line 1.71 pm) preloads. B:
ejecting contractions under two different preloads showing the preload depen-
dence of externa! work. The y-axis shows force (raw data) and force per
cross-sectional area (in this cell, cross-sectional area was 323 pm?).
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Fig. 6. Relationship between cell length and sarcomere length, A: simultaneous
recording of cell length (solid line) and sarcomere length (dashed line) during
contraction under unloaded conditions. B: sarcomere length during isometric
contraction {(dashed tine) and under unloaded conditions (solid lire) recorded
in the same cell.

edge, this is the first time that physiological force-length loops
have been reported in isolated myocytes. Because of its im-
portant role in relating subcellular molecular events to ventric-
ular dynamics, many researchers have studied single cell me-
chanics of cardiomyocytes using various methods (11). Com-
pared with other methodologies, the carbon fiber technique is
superior in two aspects. First, it is relatively simple and does
not require technical expertise, Second, attachment of carbon
fibers results in minimal damage to the sarcolemma (11). With
the use of carbon fibers (26), the overall success rate for
establishing firm attachment to myocytes was over 80% in this
series of experiments, and myocytes remained stable for 10
min of contractions by electric stimulation. This excellent
stability enabled us to study myocyte mechanics under various
loading conditions as well as under inotropic interventions in
the same myocyte, which, in certain cases, was helpful in
avoiding cell-to-cell variations. In addition, we obtained a peak
isometric force of 5.72 pN in this study. This is in the highest
range of twitch force reported so far [Ref. 3 and review by
Bluhm et al. (2)] and is =75% of the maximally, activated force
{7.5 uWN) (10} obtained in a single skinned rat éardiomyocyte,
supporting its usefulness,

Physiological significance. 1n rat trabeculae preparations,
Janssen and de Tombe (14) reported an isometric twitch force
of 45 mN/mm?> for muscle isometric twitches and 88.5 mN/
mm? for sarcomere isometric twitches. In a left ventricular
papillary muscle preparation, isometric force was ~6 g/mm?
(=60 mN/mm?) (5). The isometric force obtained in this study
(41.6 = 5.6 mN/mm?) was somewhat lower but close to these
values. For shortening velocity, we obtained 106 = 8.9 pm/s,
which is equivalent to 1.58 lengths/s (37°C). In rat trabeculae,

SINGLE CELL MECHANICS OF THE HEART

predominantly containing the V| myosin isoform, an unloade
shortening velocity of 2.3 lengths/s (30°C) has been reporteq
(20). On the other hand, Josephson et al. (15) measured the
maximal shortening velocity of euthyroid rat ventricular myo-
cytes at 29°C and reported a value of 1.17 lengths/s. Again, our
results are close to these values, suggesting that carbon fiber
attachment deoes not create extra load if its movemerd ig
properly controlled as in this study. However, the key feature
required for single cell mechanics is how accurately it can
reproduce and describe the behavior of the cell in the body. In
response to change in afterload, we obtained 2 series of
force-length loops. The top left corners of these loops distrib-
uted along a straight line, analogous to the end-systolic pres-
sure-volume relation of the ventricle (Fig. 4). Furthermore,
when inotropic intervention was applied to a single myocyte by
adding isoproterenol (2 wM) to the medium, the slope of this
line increased in a similar manner with the ventricular end-
systolic pressure-volume relation (Fig. 7, A and B). Preload
dependence was also confirmed (Fig. 5). Finally, using digital
control, we could obtain physiclogical force-length loops of a
single cardiomyocyte (Fig. 4) resembling those reported in
experimental (13) and simulation studies (21, 22). The average
work output per unit volume calculated from the stress-relative
shortening area was 828 = 123 J/m®. If we assume the density
of cardiac muscle to be ~ig/em?, 1 g of the rat ventricle (cm®)
would generate 0.83 ml. This value is ~13% of the external
work done by a rat ventricle ejecting 500 p) of blood while
generating ~100 mmHg. The cause of this discrepancy is not
clear, but the lack of sympathetic stimulation to the isolated
myocyte could be one of the possibilities.

Adaptive control of cell length and force. With the real-time
analog control system we used in previous studies (253, 26), it
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Fig. 7. Force-length relation of a single cardiomyocyte before (4) and after {£)
the addition of isoproterencl (2 pM) to the medium. Isometric force increased
from 44 to 85 mN/mm?, and the slope of the regression line increased from (1

to 19 mN-mm~3pm~'. The y-axis shows force (raw data) and force per
cross-sectional area (in this cell, cross-sectional area was 197 pm?).
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was very difficult to achieve physiological leading largely
pecause of noise in the length signal. Adaptive control, to-
gether with zero-delay low-pass filtering, avoided transmission
and amplification of noise and successfully circumvented this
problem. Furthermore, once the proper command signal could
be obtained, the high-intensity illumination for photodiode
sensors was not required, allowing the recording of calcium
indicator fluorescence for a longer period of time without
causing photobleaching.

Study limitations. The major concern with this attachment
technique is to aveid damaging the ends of myocytes and to
obtain uniform sarcomere spacing (18). Using real-time image
analysis, we confirmed that static stretch applied to a resting
myocyte could cause uniform stretch of the sarcomere in
proportion to cell length. Because of the difficulty in keeping
focus on the sarcomere, we could not accurately measure
sarcomere length during isometric contractions. However, in
the few cases where we could obtain the simultaneous record-
ing of sarcomere length during isometric contraction, internal
shortening did take place (Fig. 68). To achieve precise control
of sarcomere length, further improvement of the experimental
setup may be necessary.

Finally, some myocytes were too irritable to obtain stable
recordings, even with streptomycin in the medium as an
inhibitor of stretch-activated channels. This might have lead to
sclection bias of myocytes and disturbed the experiment.

In sammary, by adopting digital adaptive control, we studied
the mechanics of a rat single cardiac myocyte over a wide
range of loading conditions. All of the functional characteris-
tics described were analogous to those established by a number
of studies using papillary muscle (4, 6) or trabeculae prepara-
tions (7). The present results confirmed the fact that each
myocyte forms the functional basis for ventricular function and
that single cell mechanics can be a link between subcellular
events and ventricular mechanics,

APPENDIX: RELATION BETWEEN LOAD AND LATERAL
DISPLACEMENT OF A BEAM
Cuse A

When lateral force (P) applied to the free end of a cantitever bearn
[length (D] causes displacement (y) (Fig. 8), they are related as

PP “h
" T3TE
or
3 E-]
P=r—y (A2)

where | is the second moment of inertia of the cross section and E is
Young's modulus.

o
-

el

Fig, 8. Case A. Lateral force (P) applied to the free end of a cantilever beam
fength (N causes displacement {¥).
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M

Fig. 9. Case B. For the end of fiber to move in paralle! manner (without
rotation), an appropriate amount of bending moment (M) should also be
applied.

For a beam having a circular cross section with diameter D
3-m-E-D

‘y A3
64-0 2 (A3)

Case B

For the end of fiber to move in parallel manner {(without rotation),
an appropriate amount of bending moment (M) should also be applied
(Fig. 9). Such a load can be calculated as

_ P
M = T (Ad)
The displacement (y') induced by M is
. M-F AS
YT T E (42)

Total displacement {y) caused by lateral load P and moment load M
is then

P p-rt PP
4-E£+1 12-E-1

(A8)

or
12-E-1
P=——P—'_v (A7}

Similarly, for a beam having a circular cross section with diameter
D

_12-w-E-D

6-r 7 (48

In case A, the displacement y at x from the free end is calculated as

ve e I(_\--‘ -3+ 2N (A9)
or at the distance (2) from the fixed end as
P (31— z) (A10)
YCeE T

In case B, the displacement y at x from the free end is calculated as

P
e (N L All
Yy gl T+ 2 (AlD
or at z from the fixed end as
p= ————7" - (3] — 2z Al2
Y= e R B (AIZ)
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Although spacefiight aud bed rest are. known to cause muscular
atrophy in the antigravity muscles of the legs, the changes in sympa-
thetic and cardiovascular responses to exercises using the atrophied

muscles remain unknown. We hypothesized that bed rest would

augment sympathetic responses to isometric exercise using antigravity
leg muscles in humans. Ten healthy male volunteers were subjected to
14-day 6° head-down bed rest. Before and after bed rest, they
performed isometric exercises using leg {plantar flexion) and forearm
(handgrip) muscles, foliowed by 2-min postexercise muscle ischemia
(PEMI) that continues to stimulate the muscle metaboreflex. These
exercises were sustained to fatigue. We measured muscle sympathetic
nerve activity (MSNA) in the contralateral resting leg by microneu-
rography. In both pre- and post-bed-rest exercise tests, exercise
intensities were set at 30 and 70% of the maximum voluntary force
measured before bed rest. Bed rest attenuated the increase in MSNA
in response to fatigning plantar flexion by ~70% at both exercise
intensities (both P < (.05 vs. before bed rest) and reduced the
maximal voluntary force of plantar flexion by 15%. In contrast, bed
rest did not alter the increase in MSNA response to fatiguing handgrip
and had no effects on the maximal voluntary force of handgrip.
Although PEMI sustained MSNA activation before bed rest in all
trials, bed rest entirely eliminated the PEMI-induced increase in
MSNA in leg exercises but partialty attenuated it in forearm exercises.
These results do not support our hypothesis but indicate that bed rest
causes a reduction in isometric exercise-induced sympathetic activa-
tion in (probably atrophied) antigravity leg ruscles.

autonomic nervous system; deconditioning; inactivity; muscle atro-
phy; microneurography; sympathetic nerve activity

EXPOSURES TO SPACEFLIGHT (11, 25} and its simulation model, 6°
head-down bed rest (6, 8, 9), are known to cause cardiovascu-
lar deconditioning in humans. Although the primary symptom
of the deconditioning is orthostatic intolerance on return to
Earth (2, 6, 25), deconditioning may alsc include a reduction in
sympathetic and cardiovascular responses to isometric exercise
(15, 21). For example, bed rest attenuates the increase in
arterial pressure and heart rate in response to static handgrip
exercise (15, 21). While some studies suggest that these re-
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sponses are reduced after spaceflight (179-389 days) (21), a
more recent study on the effects of spaceflight (16 days) failed
to confirm this observation (7). However, most of these studies
investigated exercises using forearm muscles that were not
affected by spaceflight and bed rest,

Contrary to the situation of forearm muscles, exposure to
spaceflight and bed rest causes muscular atrophy in the anti-
gravity muscles of the legs (3, 5, 17). This is associated with
various changes in muscular tissues, including decreases in
myofiber size (3, 5, 17), capillary volume (3, 4), mitochondrial
volume density (4), and muscle oxidative capacity (3-5).
Although astrenauts in space and hospitalized patients confined
to bed must use their atrophied antigravity leg muscles on
return to daily life, particularly in standing and walking, little
is known regarding changes in the sympathetic and cardiovas-
cular responses to exercise using these atrophied leg muscles
after spaceflight and bed rest. These changes may relate to the
integrative physiological effects of microgravity on human
cardiovascular and musculoskeletal systems.

In our earlier study (8), we found that 14-day bed rest did not
change muscle sympathetic nerve activity (MSNA) during
isometric forearm exercise (handgrip) but mildly reduced
MSNA during postexercise muscle ischemia (PEMI) that con-
tinues to stimulate the muscle metaboreflex (16, 20). Because
the muscle metaboreflex activation is due to muscle metabolic
responses (16, 20), it is likely that the refiex is more activated
in antigravity atrophied leg muscles that would elicit a greater
disturbance in metabolic responses to exercises (3, 5). Accord-
ingly, we hypethesized that bed rest would augment sympa-
thetic responses to isometric exercise using antigravity leg
muscles in humans. We subjected 10 healthy male volunteers
to a I4-day period of bed rest. Bed rest is known to induce an
~10% reduction in maximal voluntary contraction (MVC) of
antigravity leg muscles but does not affect forearm muscles
(3). We performed isometric fatiguing exercises with leg (plan-
tar flexion) and forearm (handgrip) muscles, followed by 2 min
of PEMI, with measuring MSNA in the contralateral resting
leg by the microneurographic technique.

MATERIALS AND METHODS

Subjects

Ten healthy male volunteers with a mean age (+8E) of 22 = 1 yr,
mean height (£SE) of 168 * 2 ¢m, and mean weight (=S8E) of 64 *
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3 kg participated in this study. We evaluated all subjects as healthy by
completing a detailed medical history and by conducting a physical
examination, resting electrocardiogram, blood chemistry analyses,
and psychological testing. None of the subjects smoked or had
experience of recreational drugs. All subjects were righthanded. All
subjects gave informed consent to participate in this study, which was
approved by the Ethical Committee of the National Space Develop-
ment Agency of Japan and the Committee of Human Research,
Research Institute of Environmental Medicine, Nagoya University.

Bed-Rest Protocols

The volunteers were subjected to 14 days of 6° head-down bed test.
The experimental bed-rest room was air-conditioned at a temperature
of 25-26°C and relative humidity of 30—40%. Physical exercise and
drinking of caffeinated and alcoholic beverages were prohibited
throughout the bed-rest period. During bed rest, staff nurses contin-
uously monitored subjects to ensure that they remained in the 6°
head-down position and performed no physical exercise. Dietary
intake was restricted to between 2,000 and 2,100 keal/day (55%
carbohydrate, 25% fat, 20% protein), including ~3,000 mg/day of
sodivm. Fluid intake from daily drinks was ad libitum, and the
average was 1.261 = 83 ml/day. The light-dark cycle was 16 h of light
and 8 h of darkness with lights on at 0700.

Experimental Protocol of Forearm and Leg Isomerric
Exercise Tests

Tests before bed rest. Two to three weeks before bed rest, we
conducted pre-bed-rest forsarm and leg exercise tests. We instructed
the subjects to refrain from eating for 3 h before the experiments. Each
subject was positioned horizontally supine on a bed equipped with a
plate containing a strain-gauge transducer (LP-200KB, WGA-
710A-4, Kyowa Electronic Instruments, Tokyo, Japzn) for the mea-
surement of contraction force generated in the right leg. We fixed the
ankle and the metatarsal head of the right foot to this plate using
nonelastic strips, setting the ankle at an angle of 90°. The elbow of the
right arm was almost fully extended. We placed a handgrip dyna-
mometer (Digital Grip Dynamometer, Takei Kiki Kogyo, Japan) on
the right hand for each subject to grip. Each subject performed brief
(<5 s) muscle contraction exercises four times: two handgrips and
two plantar flexions, with all his strength. Each contraction was done
separately, with intervals of at least 10 min between contractions. The
average valees of the two handgrips and plantar flexions were used as
the MVC forces for the forearm and leg exercises, respectively.

After these exercises, each subject remained supine and rested for
>30 min. At least 20 min after a satisfactory recording site for
microneurography (the tibial nerve at the left popliteal fossa) was
found. we obtained preexercise baseline measurements of the vari-
ables over a period of 5 min. The subjects then performed isometric
exercises of right handgrip (forearm exercise test) and right plantar
flexion (leg exercise test) separately, sustaining the contraction to the
point of fatigue. In both forearm and leg exercises, we set two levels
of contraction intensity: 30 and 70% of the MVC forces. Forearm and
leg exercise tests were performed alternately at intervals of at least 20
min. In forearm or leg exercise, 30 and 70% MVC exercises were
done in random order. We used an oscilloscope to display to the
exercising subject the target force and the achieved output from a
handgrip dynamometer or foot plate transducer. When the achieved
output declined to <85% of the target force for >2 s, we inflated the
arterial pressure cuff around the right upper arm (for forearm exercise)
or the right thigh (for leg exercise) to a suprasystolic arterial pressure
of 230 mmHg with a lag of 3 5 and terminated the exercise after 3 s.
This produced PEMI and was sustained for 2 min. The PEMI was
intended to trap muscle metabolites and thereby continue stimulating
the muscle metaboreflex to maintain the MSNA (16, 20). During all
exercise tests, we regulated the subject’s breathing using a metronome
(Digital Metronome MA-20, Korg, Tokyo). We required the subjects
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to breathe 15 times/min with expiration and inspiration phases of 2 s
each. We also required them to aveid breathing deeply or to perform
Valsalva maneuvers. In addition, we directed them to avoid contract-
ing other limbs. We measured the variables continuousiy during the
preexercise control period, exercise, PEMI, and recovery.

Tests after bed rest. Immediately afier the bed-rest period, we
conducted post-bed-rest forearm and leg exercise tests. Subjects were
positioned horizontally supine on the bed. We determined MVC
forces of handgrip and plantar flexion in the same manner as before
bed rest. We also performed forearm and leg exercise tests in an
identical manner to those before bed rest. All exercise tests after bed
rest were conducted at the same intensities as before bed rest (30 and
70% of the MVC force obtained before, and not after, bed rest), As a
result, in the leg exercise 1ests, the exercise intensity was sirilar in
absolute terms but higher in relative terms after bed rest than before
bed rest, because bed rest decreased the MVC force of plantar flexion.
In contrast, in the forearm exercise tests, the exercise intensity was
similar in both relative and absolute terms before and after bed rest,
because bed rest did not change the MVC force of handgrip.

Measurements. MSNA was measured from the tibial nerve of the
left resting leg as reported previously (12, 24). Briefly, a tungsten
microelectrode (model 26-05-1, Haer, Bowdoinham, ME) was in-
serted percutaneously into the muscle nerve fascicles of the tibial
nerve at the left popliteal fossa without anesthesia. Nerve signals were
fed into a preamplifier (Kohno Instruments, Nagoya, Japan) with two
active band-pass filters set between 500 and 5,000 Hz and were
subsequenily monitored with a loudspeaker. MSNA was identified
according to the foltowing discharge characteristics: 1) arterial pulse
synchronous spontaneous efferent discharges, 2) afferent activity
induced by tapping of calf muscles but not in response to gentle skin
touch, and 3) enhancement during phase II of the Valsaiva maneuver.
We stored the MSNA signals on a DAT recorder (PC216Ax, Sony
Magnescale) at a sampling rate of 12,000 Hz, together with other
cardiovascular vartables,

We measured arterial pressure continuously with a pneumatic
finger cuff on the left arm with periodical calibratin g {Portapres, TNO
Institute of Applied Physics Biomedical Instrumentation) (26). The
mean arterial pressure was calculated as the diastolic arterial pressure
plus one-third of the pulse pressure. In a preliminary experiment
without bed rest, we compared the Portapres finger pressure with
simultaneously measured right brachial arterial pressure (BP203MII,
Nippon Colin) every minute during leg exercises (plantar flexion at 30
and 70% of MVC, n = 6). In the experiment, every 1-min mean finger
pressure was identical to every corresponding 1-min mean brachial
pressure (r =097, P < 0.05). verifying that the Portapres finger
pressure accurately reflects arterial pressure.

A 20-gauge intravenous catheter was inserted into the antecubital
vein in the left forearm. Venous blood samples were obtained for
determination of plasma lactate concentration before baseline, at rest,
and during the 3rd min of the recovery period for each trial.

Data analysis. The full-wave rectified MSNA signal was fed
through a resistance-capacitance low-pass filter at a time constant of
0.1 s to obtain the mean voltage nevrogram. This was then resampled
at 1,000 Hz together with other cardiovascular variables. MSNA
bursts were identified and their areas calculated using a computer
program custom built by our laboratory. MSNA was expressed as both
the rate of integrated activity per minute (burst rate) and the total
activity, by integrating individual burst area per minute (total MSNA).
Because the burst area and hence the totz]l MSNA were dependent on
electrode position, they were expressed as an arbitrary unit (AU that
was normalized by the individual control value before exercise {an
average total MSNA per minute during 5 min of preexercise rest was
given an arbitrary value of 100). The burst area of each burst during
experimental procedures was normalized to this value,

Heart rate was determined from the electrocardiogram. Values of
MSNA (burst rate and total activity}, mean arterial pressure, heart
rate, and respiratory rate were averaged for each 5 min of preexercise
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baseline, Values were also averaged for the appropriate periods in
each exercise test in accordance with the duration sustained to fatigue.
For the variables during exercise, the values were averaged every
minute for 709% MVC leg exercise (in Fig. 2, Ex 1 and Ex 2 indicate
mean values for 0—60 s and 61-120 s, respectively, of exercise) and
30% MVC forearm exercise. The values during exercise were also
averaged every 5 min for 30% MVC leg exercise, and every 30 s for
70% MVC forearm exercise (in Fig. 3, Ex 1 and Ex 2 indicate mean
values for 0-30 s and 31-60 s, respectively, of exercise). Value at the
point of fatigue was the average for the last 20 s of exercise. The
average values for the last 60 s of PEMI and recovery were also
calculated.

Sratistical Analysis

Data are expressed as means * SE. Repeated-measures ANOVA
was used to compare variables for condition (before and after bed rest)
and time [baseline, exercise I (first half), exercise 2 (second half),
fatigue, PEMI, and recovery]. When the main effect or interaction
term was found to be significant, post hoc comparisons were made
using the Scheffé's F-procedure. A Wilcoxon signed-rank test was
used to compare variables (MVC forces of handgrip and plantar
flexion and greatest circumnferences of the forearm and the calf) before
and aftet bed rest. We considered P < 0.05 to be statistically
significant.

RESULTS

Bed rest did not change the strength of MVC force of
handgrip (411.7 = 27.1 N before bed rest and 408.3 = 294 N
after) but reduced that of plantar flexion from 861.7 £ 43.0 1o
7552 + 42.8 N (P < 0.05). Bed rest did not change the
maximal circumference length of the forearm (26.1 = 0.8 em
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before and 25.9 = 0.8 cm after) but reduced that of the calf
from 36.2 = 0.8 10 34.1 * 0.7 cm (P << 0.05). Bed rest did not
change baseline MSNA burst rate, heart rate, or mean arterial
pressure (see Figs. 2 and 3).

Leg exercise test (plantar flexion). At 70% MVC, the dura-
tion of leg exercise sustained to the point of fatigue was 151 *
9 s before bed rest and 147 * 8 s after bed rest. Figure 1
illustrates a representative microneurographic recording of
MSNA in a typical subject performing 70% MVC leg exercise.
Although leg exercise and the subsequent PEMI strongly
increased MSNA. before bed rest, these increases were atten-
uated markediy after bed rest. The average data of all subjects
showed that although leg exercise increased MSNA both be-
fore and after bed rest, the increase was markedly reduced after
bed rest (P << 0.05 vs. before bed rest, Fig. 2). Before bed rest,
PEMI decreased MSNA (P < 0.05 vs. end of the exercise) but
maintained it at an elevated level relative to the preexercise
baseline. After bed rest, however, PEMI failed to maintain the
MSNA, resulting in a return to the baseline level (Fig. 2).
These results indicated that bed rest abolished the PEMI-
induced increases in MSNA after leg exercise.

In 70% MVC leg exercise, the effects of bed rest on mean
arterial pressure during: leg exercise and PEMI were consistent
with those for MSNA (Fig. 2). Although leg exercise increased
mean arterial pressure both before and after bed rest, the increase
was smaller after bed rest (P < 0.05 vs. before bed rest, Fig. 2).
PEMI decreased mean arterial pressure (P << (.05 vs. end of the
exercise) but maintained it above the baseline level (P << 0.05 vs.
baseline) before bed rest, whereas the pressure returned to base-

Before bed rest

Fig. 1. Representative microneurographic recording of muscle
sympathetic nerve activity (MSNA) from a typical subject
during leg exercise (plantar fiexion) test at 70% maximal
voluntary contraction (MVC) force sustained to the point of
fatigue performed before and after bed rest. Baseline, before

contraction (time: 2 min, before and after bed rest); exercise,

Baseline

{ Recovery 1

ptantar flexion at 70% MVC sustained to fatigue (time: 155 s
befare bed rest, and 160 s after bed rest); postexercise muscle
ischemia (PEMI; time: 2 min, before and after bed rest);
recovery (time: 2 min, before and after bed rest). Exercise
induced increases in MSNA during exercise and PEMI before
bed rest, but these increases were atienuated after bed rest.

After bed rest

Baseline |

“Exercise I “PEMI | Recovery |

10s
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Fig. 2. Changes in MSNA burst rate (rop
left), total MSNA (top right), heart rate (boi-
tom left), and mean arterial pressure (bortom
right) during leg exercise (plantar flexion) at
70% MVC force sustained to the point of

fatigue. Base, baseline before exercise; Ex!,
1st min (0-60 s) of exercise; Ex2; 2nd min
(61-120 s) of exercise; Fatigue, point of
fatigue (last 20 s of exercise); PEMI, 2nd
min {61-120 s) of PEMI; Rec, 2nd min
{61-120 s) of recovery. @ and ©, Values
before and after bed rest. respectively. Val-
ues are means = SE, *P < (.05 comparing
before and after bed rest. #P < 0.05 vs.
preexercise baseline values. )
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line after bed rest (Fig. 2). Bed rest did not significantly affect
heart rate during leg exercise (Fig. 2). Both before and after bed
rest, respiratory rate was almost constant at 15 cycles/min
throughout rest, leg exercise, PEMI, and recovery. Leg exercise at
70% MVC increased plasma lactate concentration similarly be-
fore and after bed rest (from 1.0 = 0.1 t0 2.7 = 0.1 mmol/ml
before bed rest and 0.9 = 0.1 t0 2.8 % 0.1 mmol/ml after bed rest).

The effects of bed rest on MSNA, mean arterial pressure, and
heart rate in 30% MVC leg exercise were similar to those
observed in 70% MVC leg exercise. The duration of exercise
sustained to the point of fatigue was similar before (684 + 18 s)
and after (673 £ 18 s) bed rest. Bed rest attenuated MSNA during
the first 10 min of exercise and at fatigue both in burst rate (from
34 * 21021 £ 2 bursts/min, P < 0.05) and total activity [from
363 = 321 w 166 = 17 AU, P < 0.05]. Although PEMI
maintained the elevated MSNA burst rate (14 + 3 bursts/min) and
total activity (227 = 29 AU) above baseline before bed rest, the
PEMI-induced elevation of MSNA disappeared after bed rest.
Similarly, PEMI-induced increases in mean arterial pressure seen
before bed rest (24 * 2 mmHg) were abolished after bed rest, Bed
rest did not affect responses of heart rate and respiratory rate. Leg
exercise at 30% MVC increased plasma lactate concentration
similarly before and after bed rest (from 0.9 = 0.1 and 2.9 = (.1
mmol/ml before bed rest and 0.8 = 0.1 to 2.9 = 0.1 mmol/ml] after
bed rest).

Forearm exercise test (handgrip). The duration of exercise
sustained to fatigne was similar before and after bed rest in
forearm exercise at 70% (77 = 9 and 75 * 7 s, before and after

Base Ex1 Ex2 Fatigue PEMI Rec

bed rest, respectively) and 30% MVC (153 = 11 and 147 £ 9 5).
In contrast to leg exercises, forearm exercise increased MSNA
and mean arterial pressure similarly before and after bed rest both
at 30 and 70% MVC (Fig. 3). PEMI maintained MSNA at
elevated levels above baseline before and after bed rest (P < 0.05
vs. baseline}, however, the increases during PEMI were reduced
after bed rest at 30% MVC (from 241 * 32 t0 150 = 29 AU) and
70% MVC (Fig. 3) (P < 0.05 at both intensities). PEMI-induced
increase in mean arterial pressure was also lower after bed rest in
forearm exercise at 30% (from 22 + 3 to 10 = 3 mmHg) and 70%
MVC (Fig. 3) (P < 0.05 at both intensities). Bed rest did not
affect heart rate during forearm exercise (Fig. 3). Both before and
after bed rest, respiratory rate was almost constant at 15 cycies/
min throughout rest, forearm exercise, PEMI, and recovery. Fore-
arm exercises increased plasma lactate concentration similarly
before and after bed rest, at both 30% (from 0.9 = 0.1 to 3.1 =+
0.1 mmol/m! before bed rest; from 0.8 = 0.1 to 32 * 0.1
mmobl/m] after bed rest) and 70% MVC (from 1.0 = 0.1 t0 2.8 =
0.1 mmol/m! before bed rest; from 0.9 * 0.1 o 2.9 * (0.1
mmol/ml after bed rest).

DISCUSSION

Reduced MSNA and Pressor Responses to Antigravity Leg
Exercise After Bed Rest

Although spaceflight and bed rest are known to cause mus-
cular atrophy in antigravity muscles in legs, changes in sym-
pathetic and cardiovascular responses to exercise using the
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Fig. 3. Changes in MSNA burst rate (top < 10 -
left}, 1otal MSNA (fop right), heant rate (bot- %
tom left), and mean arterial pressure (botrom =2
right) during forearm exercise (handgrip) at
70% of MVC force sustained to the point of 0
fatigue, Base, baseline before exercise; Exl, j Y
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min (61-120 s) of PEMI; Rec, 2nd min
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before and after bed rest, respectively. Val- & g4 |
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atrophied muscles remain unknown. Given a possible greater
disturbance in metabolic response to exercise in atrophied
muscles, we hypothesized that bed rest would angment sym-
pathetic responses to isometric exercise using antigravity leg
muscles in humans. The new finding of the present study is that
14-day bed rest attepuated MSNA and pressor responses to
fatiguing isometric plantar flexion by ~70% and reduced the
MVC force of plantar flexion by 15%. In contrast, bed rest did
not alter MSNA and pressor responses to fatiguing isometric
handgrip and had no effect on the MVC force of handgrip,
which are consistent with previous studies (7, 8). These results
do not support our hypothesis. They indicate that bed rest
causes a reduction in isometric exercise-induced sympathetic
activation in (probably atrophied) antigravity leg muscles.
The most likely mechanism responsible for the attenuated
MSNA responses to isometric exercise in antigravity leg mus-
cles after bed rest is the absence or strong reduction of
activation of the muscle metaboreflex. The muscle metabore-
flex is known to play a primary role in MSNA response to
exercise (14, 16, 20). We assessed the refiex during PEMI
because this method traps muscle metabolites in muscles that
have undergone exercise and continues to stimulate the muscle
metaboreflex but not other reflexes (such as the muscle mech-
anoreflex, central command) (14, 16, 20). Our present pre-bed-
rest data confirmed the importance of the reflex because
MSNA remained elevated from the preexercise level during
PEMI. However, of special note is the fact that the sustained
increase in MSNA by PEMI disappeared after bed rest (Fig. 2).

80 T T T T T

Fatigus PEMI Rec Base Ex1 Ex2 Fatigue PEM| Rec

This result indicates that bed rest almost abolishes the activa-
tion of the muscle metaboreflex in antigravity leg muscles.

Qur data showed that heart rate responses to leg exercises
did not change after bed rest despite the attenuated increases in
MSNA. It was possible that cardiac vagal responses to exercise
might be augmented after bed rest, compensating for the
reduced cardiac sympathetic neural responses and resulting in
normal heart rate responses.

We do not consider the attenuated MSNA and pressor
responses to exercises observed in this study as simple accom-
modations to the tests. In preliminary experiments, we repeated
exercise tests with identical protocols to the present study (n =
6; 30 and 70% MVC handgrip, 30 and 70% MVC plantar
flexion) with an interval of 2 wk of non-bed-rest period. We
confirmed the reproducibility of sympathetic and cardiovascu-
lar responses because these responses were almost identical
between the first and second trials with a correlation coefficient
of ~0.9. '

Comparison of forearm and antigravity leg exercises. Bed
rest exerts different effects on forearm and antigravity leg
muscles in MSNA and pressor responses to fatiguing isometric
exercise. First, activation of the muscle metaboreflex was only
mildly reduced in forearm muscles, in contrast to entire disap-
pearance in antigravity leg muscles. MSNA and pressor re-
sponses during PEMI were ~50% lower after bed rest in
handgrip exercises both at 30 and 70% of MVC, consistent
with our earlier studies using 30% MVC handgrip (8). Al-
though the reduction of the muscle metaboreflex in handgrip
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was not observed in the NeuroLab (STS-90) space shuttle
mission study (7), this could be explained by the methodolog-
ical difference of spaceflight vs. bed rest.

Second, total responses of MSNA and arterial pressure to
fatiguing isometric handgrip in forearm muscles were pre-
served after bed rest, in contrast to the greatly attenuated
responses in antigravity leg muscles. Qur finding of forearm
exercises was consistent with the results of earlier studies of
bed rest (8, 23) and also a recent study from NeurolLab
(STS-90) space shuttle mission (7). However, our finding of
forearm exercises disagreed with earlier studies by Spaak et al.
(21) and Pagani et al. (15) that showed the reduced heart rate
and arterial pressure responses to handgrip at 25-30% MVC.
The discrepancy may be explained by the difference in the
exercise mode: handgrip sustained to fatigue in our study vs.
handgrip for fixed durations in their studies (2 and 5 min). An
important point is that sympathetic activation during static
handgrip directly relates to the development of fatigue (18, 19)
and peaks at fatigue (19). Therefore, their methodology of
fixed exercise duration may limit and complicate the interpre-
tation of data. Because, generally, muscle strength (MVC) does
not equate to endurance, it may not predict well the activation
of muscle metaboreflex during exercise. Another factor is the
duration of spaceflight or bed rest. Compared with the present
study (14 days), longer term bed rest [42 days (15) and 120
days (21) days] and spaceflight (179-389 days) (21) were
conducted in their studies. Long- and short-term exposures to
microgravity could have different effects on sympathetic and
cardiovascular responses to exercise.

Mechanisms for Reduced Activations of the Muscle
Metaboreflex After Bed Rest

Again, our results of MSNA and pressor responses during
PEMI showed that bed rest abolished the activation of muscle
" metaboreflex in antigravity leg muscles and mildly attenuated
the activation in forearm muscles. However, it is difficult to
determine which mechanism in the reflex circuit is responsible
for the difference in muscle metaboreflex activation. We pro-
pose several possibilities. The first possibility is altered central
modulation related to immobilization during bed rest. Bed rest
did not change maximal handgrip force and thus is unlikely to
have deconditioned forearm muscles. However, the activation
of muscle metaboreflex was smaller after bed rest even in the
forearm muscles. Accordingly, factors other than muscles,
particularly changes in central processing in relation to immo-
bilization, could be responsible in part for the reduced activa-
tion of the muscle metaborefiex. This postulation might explain
why a recent space shuttle mission study reported by NeuroLab
(STS-90) failed to observe reduced MSNA during PEMI (7)
because astronauts are highly active in the space shuttle
whereas the subjects in our bed-rest study were clearly immo-
bilized. In addition, this explanation could relate to the inter-
esting earlicr finding that muscle metaboreceptor responses are
attenuated in heart failure patients (22) who are lkely to be
immobilized or restricted in daily life activities compared with
healthy persons,

The second possibility is changes in muscle afferent sensi-
tivity in atrophjed leg muscles after bed rest, Given the total
disappearance of muscle metaboreflex activation in antigravity
leg muscles compared with partial reduction in forearm mus-
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cles, factors specific to antigravity muscles could contribute to
the reduced activation in muscle metaborefiex. Muscular atro-
phy (deconditioning) is an obvious possibility. Changes in
muscle afferent sensitivity in atrophied muscles rather than
alterations in metabolic factors could be responsible for the
reduced activation of muscle metaboreflex, because accumu-
lation of exercise-induced metabolites might be increased
rather than decreased in atrophied muscles. Indeed, our data
showed that bed rest did not reduce plasma lactate concentra-
tions in leg exercises. Accordingly, we speculate that the
sensitivity and/or number of metabosensitive receptors on
afferent fibers (group III and IV} (20) is reduced in antigravity
atrophied leg muscles after bed rest. In addition to decreases in
myofiber size (3, 5, 17) and capillary volume (3, 4) in muscular
tissues, muscular atrophy is accompanied by reduced muscle
spindle afferent sensitivity in soleus muscle after hindlimb
suspension in rats (rodent model of microgravity) (1). Unfor-
tunately, little is known regarding changes in metabosensitive
muscle afferent fibers in arophied muscies. Further studies are
required to investigate this possibility. :

Hypoperfusion to contracting muscles may not account for
the reduced activation of muscle metaboreflex in forearm and
leg muscles after bed rest. In a previous study, 14-day bed rest
reduced resting blood flow to upper and lower limbs (10) and
thus could reduce perfusion to exercising limb muscles. How-
ever, this would not be responsible for our findings because
hypoperfusion induced by arm elevation increased, instead of
decreased, MSNA activation during PEMI after isometric
handgrip (13). '

Clinical Implications

In severe clinical conditions inctuding pelvis and fenur bone
fracture, spinal cord injury, and severe cardiac failure, hospi-
talized patients are confined to bed for several weeks. Because
the bed rest often decreases muscular performance particularly
in antigravity leg muscles, exercise has been conducted in
hospitals to improve muscular performance as post-bed-rest
rehabilitation. However, little attention has been given to the
accompanying sympathetic and pressor responses to the exer-
cises in deconditioned or atrophied muscles, even though
greater sympathetic excitation is a substrate for cardiovascular
events, including ventricular arrhythmia and stroke. Qur find-
ing suggests that post-bed-rest rehabilitation has a minor risk of
enhanced sympathetic excitation because MSNA responses to
exercise in antigravity leg muscles are reduced, rather than
increased, after bed rest.

Limitations

Fourteen-day bed rest is known to cause muscular atrophy in
antigravity leg muscles (3, 5, 17). Our 14-day bed rest reduced
the MVC force of plantar flexion by 15% and the maximal
circumference length of the calf by 2.1 cm. Accordingly, we
presume that the antigravity calf muscles might be atrophied by
bed rest. However, we lack direct evidence of muscular atro-
phy. We found no earlier fatigue (3, 5) or greater metabolic
response to the leg isometric exercise. Leg circumference
changes could be affected by fluid shifts (6), whereas muscle
strength changes could be influenced by neuromotor change.
Further histochemical and morphological investigations on
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muscular atrophy are required in studies assessing cardiovas-
cular deconditioning after microgravity.

In conclusion, 14-day bed rest attenuated MSNA and pressor
responses during the fatiguing exercise and PEMI periods
strongly when the isometric contractions were performed by
the legs (plantar flexion) but mildly and only during the PEMI
periods when performed by the forearm (handgrip). The bed
rest reduced the MVC force of plantar flexion but not that of
handerip. These results indicate that bed rest causes a reduction
in isometric exercise-induced sympathetic activation in (prob-
ably atrophied) antigravity leg muscles.
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|PAPER Special Section on Wide Band Systems

Combined Iterative Demapping and Decoding for Coded MBOK

DS-UWB Systems

SUMMARY  This paper presents a novel decoding strategy called com-
bined iterative demapping/decoding (CIDD), for coded M-ary biorthogonal
keying-based direct sequence ultra-wideband (MBOK DS-UWB) systems.
A coded MBOK DS-UWB system consists of a convelutional encoder, an
interleaver, and an MBOK, DS-UWB pulse mapper. CIDD improves the
error rate performance of MBOK DS-UWB systems by applying the turbo
principle to the demapping and decoding processes at the receiver side. To
develop the CIDD, a soft-infsoft-out MBOK demapping algorithm, based
on the max-log-MAP algorithm, was derived. Simulation results showed
that using CIDD siginificantly improved the error rate performance of both
static and multipath fading channels. It was also shown that the computa-
tional complexity of CIDD is comparable to that of the Viterbi decoding
used in [133, 171]g conventional convolutional coding.

key words: ultra wideband, iterative decoding, M-ary biorthogonal key-
ing(MBOK), multipath fading channels

1. Introduction

Ultra-wideband (UWB) systems spread data over a very
large band-width (at least 500 MHz according to FCC reg-
ulations) using low power spectral density. These UWB
systems are of considerable interest, especially for the use
in wireless personal area networks (WPAN) [1], because of
their potential to enable high speed data transmission of up
to 1 Gbps with low power consumption.

At present, UWB systems fall into three categories: im-
pulse [2],{3], direct-sequence (DS) [4] and multiband [5],
[6]. DS-UWB systems are capable of achieving a high data
rate of up to 1 Gbps with relatively low complexity and have
therefore been submitted to the IEEE802.15.3a Standards
Commitee as a PHY proposal. One of these systems is
M-ary biorthogonal keying-based DS-UWB, called MBOK
DS-UWB [4]. However, the error rate performance of DS-
UWB systems, including the MBOK DS-UWB, is seriously
degraded by interpulse or intersymbol interference gener-
ated by multipath fading. There is therefore a need for low
complexity methods that can compensate for this degrada-
tion.

A straightforward and effective solution to the problem
is to use channel coding. Several channel coding strategies
have been proposed for UWB systems {71, [8]. However,
these methods require high computationat complexity for
the decoding process. In current proposal of the MBOK
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DS-UWB systems [4], the [133,171]; conventional con-
volutional code is used to lower the decoding complexity.
However, since the coding gain obtained from the convolu-
tional code is insufficient to compensate for the degradation,
an additional equalizer is required, increasing the cost of im-
plementation.

In this paper, a novel demapping and decoding strategy,
called combined iterative demapping and decoding (C1DD},
is proposed for coded MBOK DS-UWRB systems. The strat-
egy is based on the turbo principle [9].

The paper is organized as follows. In the following
section, a mode! of a coded MBOK DS-UWB system is il-
lustrated. Section 3 includes an overview of the CI1DD strat-
egy and show how the soft-input/soft-cutput (S1SO) MBOK
pulse demapping algorithm based on the max-log-MAP al-
gorithm is derived. An approximate upper bound is also
derived for the bit error probability of an MBOK DS-UWB
system using CI1DD for the static channels. Section 4 de-
sctibes the results of a simulation to evaluate the perfor-
mance of the proposed system and the upper bounds derived,
and Sect. 5 includes a discussion of the computational com-
plexity. The paper is summarized in Sect. 6.

2. Coded MBOK DS-UWB Systems
2.1 Overview

Figure 1 shows a block diagram of a coded MBOK DS-
UWB transmitter. The transmitter consists of a convolu-
tional encoder, a bit-wise interleaver and an MBOK pulse
mapper. In this paper, we focus on convolutional code
used for the channel coding. The convolutional encoder en-
codes information-bit sequences u(k) into codewords c(n}
of length N. The coding rate is denoted as R.. After inter- ~
leaving, interleaved codewords ¢’ (n) are mapped into a train
of UWB pulse signals, denoted as x(f), at the MBOK pulse
mapper.

Figure 2 illustrates the function of the MBOK pulse
mapper. An MBOK maps X = log, M bits into the selected
biorthogonal code of length L, from an assigned code set C
in which one half of the codes are the complementary codes

u(k) c(n) e'(n) )

Convolutional MBOK pulse
encoder Eit interleaver mapper —

Fig.1 Coded MBOK DS-UWB transmitter.
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Fig.2 MBOK DS-UWB pulse mapper.

of the other half. The MBOK pulse mapper maps the i th
block of X bits, given by ¢’((i — DK + 1),--+ ,£/(iK), into
the selected code ¢}. This code ¢ is modulated by an impulse
signal p(f) as

Ly
s =D clD-plt=j-Td (m

j=l e

where T denotes the chip time duration. The impulse sig-
nal p(z) has a time duration of T, and energy of E, =

_[)TP |p(£)/dt. The transmitted signal x{7) is expressed by

NIK
x(t)= st=i-T,) )

i=1

where T, denotes the symbol time duration, which is equal
toT,- L.

In this paper, both static and multipath fading channels
are considered. In a multipath fading channel, the impulse
response is given by

L-1
h= et — 1) 3)
=0

where L denotes the number of multipaths, and #; and ; are
the path gain and delay time, respectively, of the /th path. In
this model, the received signals r(f) are given by

L-1
0= b x(t— 1) +n() 4

I=0

where n(f) is Gaussian noise with a zero mean and variance

Figure 3 shows a receiver architecture presented pre-
viously {4]. In this receiver, a received signal r(7) is first
correlated with an impuse signal p(f). For the n,. th chip, the
chip correlator outputs

TF
2n) = f r(t +ng - T, + 7)p(dt )
0

where 1 stands for a timing jitter component. When perfect
coherent detection is available, the term 1, can be neglected.
The correlator outputs on the pulse chip z(n,) are correlated
with the ¢, € C. The code correlator output is given by
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) % [MBOK pulse|= (o= Syl Ghamnet 146,
pu'SE -___—- e
Correlator demapper deinterlsaver decoder

Fig.3 Usual MBOK DS-UWB receiver architecture of transmitter
shown in Fig. 1.

" 480K,
103 133171,
[ Viterbi decoding
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10-50 i é . L

Bit Error Rate

4 6 8 0 12
Ey/MN, [dB]

Fig.4 Biterror rate performance based on propeed system [4] (16-finger

rake combining, [133, 171]3 convolutional code, hard decision Viterbi de-

coding, block interleaver with 360-bit length, 4BOK pulse mapping, and

no equalizer).

L
G+ — 1) Loem()) (6)

J=1

Zim =

In multipath fading environments, rake combining is
used to capture the energies of dispersive paths [10]. When
rake combining is used after pulse correlation, the correlator
outputs are rewritten as

Ny L
Zm= Y ay D 2~ T+~ 1) Lden(Ddt (7)

=t j=1

where Ny denotes the number of rake fingers, and oy and
75 denotes the weight and time delay for the fthrake finger,
respectively. The corelator cutputs for the i th symbol are
denoted as

Zi = {Zi1s- - -2 Zigmo - - - s Zis2}- 8)

In the usual architecture shown in Fig. 3, the correlator
cutputs z; are fed to a MBOK demapper to obtain codewords
& (n). After deinterleaving, the codewords &(n) are decoded
using a Viterbi decoder to obtain a decision (k).

2.2  'What is the Problem?

The receiver shown in Fig. 3 is greately influenced by multi-
path fading conditions. In Fig. 4, simulation results demon-
strate this influence, where E, /N stands for the signal-to-
noise ratio per bit. The four-channel mode} used (CM1,
CM2, CM3, and CM4) is the model provided by IEEE
802.15.3a {11]. The best and worst performances were ob-
served in CM1 and CM4, respectively. Note that the dif-
ference in the required E,/Np between CM1 and CM4 at a
bit-error probability of 10”3 was more than 3 dB. This result
indicates that channe! conditions have a significant influence
on error-rate performance in coded MBOK DS-UWB sys-
tems, In this.paper, we attempt to overcome this problem
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by using a demapping and decoding strategy at the receiver
side,

3. Combined Iterative Demapping and Decoding

In this section, the proposed demapping and decoding strat-
egy called combined iterative demapping and decoding
(CIDD) is described.

3.1 Overview of CIDD

The CIDD applies the turbo principle [9] to the demapping
and decoding of coded MBOK DS-UWB systems. By pass-
ing soft information via interleaving/deinterleaving between
the soft-input /soft-cutput (SISO) demapper and decoder it-
eratively, the CIDD gradually improves the error rate per-
formance.

A block diagram of an MBOK DS-UWB receiver with
the CIDD is shown in Fig. 5. The main difference between
this receiver and the usual type is the presence of a feedback
structure with an interleaver. In this receiver, correlator out-
puts z; are fed to a SISO MBOK demapper to obtain soft in-
formation on each bit of ¢'(n). This soft information, which
is based on the log likelihood ratio, L{¢’(n)) is defined as

Ple'(m) = llzy)
P(e'(n) = Olz;)

The L(c’(n)) is fed into the $1SO channel decoder as a pri-
ori information L,(c(n)) after subtracting and deinterleav-
ing. This decoder outputs soft information on both infor-
mation bits u(k) and codewords c{n). The output L{u(k)) is
used to make hard decisions fi(k), and the other L{c(n)) is
fed back into the SISO MBOK pulse demapper as a priori
information L,(c’(n)) after subtracting and interleaving.

Various S150 decoding algorithm have been developed
for convolutional decoding [12]. In this paper, the max-log-
MAP algorithm is used as the SISO decoding algorithm in
the convelutional decoder because of its lower complexity
compared to other algorithms. However, it is necessary to
derive a SISO demapping algorithm for the MBOK pulse
demapper to carry out CIDD,

Lic'(m) = log &)

3.2 SISO MBOK Pulse Demapping Algorithm

In this section, a2 SISO demapping algorithm based on the
max-log-MAP algorithm for an MBOK pulse demapper is
derived.

After obtaining the correlator outputs z;, the log-
likelihood ratio L{¢’(»)} is given by

i ©(m) Llclp) Liuiky)
S [T Ll
ol

L interieaver

Fig.5 Confizuration of receiver with CIDD.
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’ P(c =1 i
= log Ef."(n):l.c,.,e(.‘ Plemlz) a0

Y o m=tiemec PlEmlZ:)
where i = [n/K). By applying the Bayesian theorem to the
above equation, we obtain
Lem=1,cnec PE&ilCm) - P(Cm)
Zeim=0encc P(Zilcm) - Plem)
Next, the max-log-MAP algorithm is applied to Eq. {11) to
reduce computational complexity.

L(c'(m) = log P(zilcm) - Plem)
c(n)=leeC

—log D, Pzicn) - Plcw)

' {M=0,c,eC

~log s Ptein) o)
- log o [P(zilcm) - P(cm)]

= max C[]ogP(z,-lcm)HOgP(Cm)]

{n¥=l,tne

Lic'(m) =1log an

-  max C[log P(zilcm) + log Plcn))

¢'{n)=0,cme

(12)

It is found from Eq.(12) that the L{c’(n)) can be obtained
from the log P{(z;|c,) and log P(cy,), which stand for the log-
arithms of the conditional probability and a priori probabil-
ity, respectively.

First, the term log P(z;lc,,) is considered. Assuming
static AWGN channels and no timing jitters 4 = 0, the
log P(z;|cy,) is rewritten as

log P@lcy) = 25 + A, (13)
o-?.

where the A, denotes a constant value for all the ¢, and o2
stands for the noise variance in the correlator outputs. In
practical applications, ¢ is replaced by an estimated value
&7 or a constant value.

The other term log P(c,,} can be derived from the a pri-
ort information L.{c'(n)) fed back from the SISO channel
deceder. Let b, = {5, (1),...,b,,(K)} denote the K-bit se-
quence to be mapped to the ¢,,. Based on that P{c,,) is equal
to P(b,}, and log P(c,} for the i th symbol can be repre-
sented as

log P{c,) = log P(b.)
iK

= > logP(c/(n) = b (n)
n=1+{i-1)K
iK
DR Z O R ACHETY (14)
n=1+i-1)K

where the index »;, denotes a relative index defined by

ne=n—(i- 1)K, (15)
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and the A, is a common term between all the ¢,,. Details of
the derivation of Eq. (14) are in Appendix.

Substituting Eq. (14) and Eq. (13) into Eq. (12), we ob-
tain

i K
Zlm‘
dn) = . La(c' (n)) - B,
L= (n)= l.LmeC[o-Z +"=1§]).K (¢ (n) m("'k)]
7 i-K
L s ’
s C[ ot FH;M Lo(c' ()} bm(nk)]

(16)

Note that the $1S0 demapping algorithm thus derived for an
MBOK demapper does not need to perform complex opera-
tions, such as logarithm or exponential functions.

3.3 Performance Bounds for Static Channels

An upper bound on the bit error probability after CIDD pro-
cessing is useful in analyzing its performance. However, it
is difficult to derive an accurate bound after a certain num-
ber of iterations. Therefore, in this subsection, we derive a
union bound based on soft maximum-likelihood (ML) de-
coding for an equivalent block code, as shown in Fig. 6. As
noted in [13], this union bound becomes closer to the error
rate performance of the CIDD after sufficjent iterations.

The vnion bound on the bit error probability for a linear
block code is given by [13]

Py < 222 7 &Awdpd an

w=1 d=d,,

where Ay, 4 denotes the number of codewords with a Ham-
ming distance of w between the input sequences and a Eu-
clidean distance of d between the output signal and the cor-
rect one. In Eq. (17), d,, denotes the minimum distance of d,
and P, stands for the pairwise error probability correspond-
ing to d. The Euclidean distance d is defined as

Te-NIK g2
d= f |x(#) = x{0)|" dt (18)
1]

where x(1) is a correct signal and %(¢) is an erroneous one.
In this derivation, the correct signal is set as the signal gen-
erated by all zero codeword.

For a static channel, the pairwise error probability Py
is given by

- 1erfc[1} 4"2| a9

i h length: N §
Convolutional - MBOK
T code pulse mapper| ]

[

Fig.6
nels.

Equivalent block code for obtaining upper bounds for static chan-
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where erfc(x) means the complementary error function
given by

erfe(x) = % fﬂ eV dy 0

Next, the derivation of the A, 4 is considered. Unfortu-
nately, counting the A,z for a combination of convolutional
coding and MBOK mapping imposes a heavy load because
there may be up to 2¥ codewords. However, the individ-
ual weights (or distance) spectra, given by AC for convo-
lutional coding and AYEX for MBOK pulse mapping, are
tractable. The AS, can be obtained theoretically [14], and
the AYBOK can be enumerated by a computer search within
a shoﬁ period. By assuming the use of uniform random in-
terleving [13], the whole codeword spectra A, 4 can be ap-
proximately written as

AMBOK

Aw.d ~ Z wh h.d (21)

The uniform random interleaver converts a codeword with
weight / into a codeword with the same weight in k.

The upper bound on the bit error probability can then
be obtained by substituting the derived P; and A,y into

Eq.(17).

4. Performance Evaluation

4.1 Simulation Results for Static Channels

First, the simulation results for the static channels are pre-

sented to demonstrate the petformance of the CIDD. The
simulation parameters are listed in Table 1. The use of

Tablel Simulation parameters for static channels.
MBOK pulse mapping 4BOK or 8BOK
Convolutional code [5, 713 or [15, 17]g
Coding rate R.=1/2
Channel decoding algorithm max-log-MAP
Interleaver uniform random interleaver
Interleaver size N = 360 bits
Channel estimation perfect on o
Detection coherent (rg = 00
Chip rate 1.368 GHz

T
i 1 i 1 i i L

. :
2 -15 E] -0.5 [ 0.5 1 1.5 2
Timae [nsec]

Fig.7  Pulse shapes of root-raised cosinie pulse signals in time and fre-
» Quency domain.
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Table2 Temary codes for MBOK DS-UWB systems.
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Fig.9 Bit error rate performance for 4 and 8BOK and [5,7]z and
[15, I7]s convolutional codes,

a short interleaver is to show that the CIDD works well,
even for short-length packets. The pulse signal used p(f)
and ternary spreading codes c,(m = 1,--- ,4) are shown in
Fig. 7 and Table 2, respectively. The bandwidth of the pulse
signal is about 1.5 GHz at —10dB down from the peak level.
The pulse signal, spreading codes, and chip rate were the
same as those used in [4]. The convolutional codes, [5, 7]z
and [13, 17}, are the optimum codes from the viewpoint of
maximizing the minimum distance of the equivalent block
code shown in Sect, 3.3.

Simulation results are shown in Fig. 8, where the bit
error rate performance is plotted after each iteration of the
[15,17]g coded 4BOK system. The upper bound on the bit

error probability is also plotted. These results show that
the CIDD sigpificantly improved the error rate performance
through iterative processing significantly. The gain derived
from the use of CIDD is more than 3.5dB with a bit error
rate of 107 in comparison with the use of a combination
of [133, 171]; coding and Viterbi decoding. In addition, the
derived bound fit the simulation results well after three iter-
ations with a bit error rate of less than 1074,

Next, the simulation results for the 4 and 8BOK and the
[5, 713 and [15, 17]; convolutional codes are shown in Fig. 9.
In this figure, the upper bounds on the bit error rate are also
plotted for comparison. As the figure shows, the required
E,/Ny at 107 was reduced by the increase in M or memory
length v. As a result, a gain of about 0.5 dB can be ontained
by replacing the [3, 7]z code with the [15, 17]); code, and a
1 dB gain can be obtained by replacing the 4BOK (M = 4)

.with the 8BOK (M = B). These improvements result from

an increase in the minimum distance d,,.
4.2 Interleaving

In applying the turbo principle, the type of interleaver used
has considerable influence on performance. In this section,
the most suitable type of interleaver for applying CIDD to
MBOK DS-UWB systems is discussed.

Various kinds of interleavers have been invented, e.g.,
block, convolutional, code-matched [15], and §-random
[16]. The following points should be considered in selecting
a suitable interleaver. 1t should:

¢ accept codewords of various lengths.

¢ have a structure that is easy to implement.

¢ improve the error rate performance.

* be capable of breaking the correlation between the bits
contained in an MBOK symbot.

Taking the first and second points into account rules
out the use of a code-matched interleaver. Interleavers based
on statistics, such as an S -random interleaver, are also un-
snitable because they do not satisfy the second point. In
addition, block interleavers present difficulties because they
may fail to break certain low-weight input patterns, as pre-
viously noted [12]. However, cyclic shift interleavers [12],
which include convoluetional interleavers, satisfy all of the
requirements and are therefore suitable for applying CIDD
to MBOK DS-UWB systems.

The results of a simulation to assess the performance
of the cyclic shift interleaver are shown in Fig. 10. For a
comparison, the results of using block, uniform random in-
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Fig.10  Bit emor rate performance after four iterations using different
interleavers.

terleavers, and nio interleaver, are also shown. In the simu-
lation, the block and cyclic shift interleavers performed in-
terleaving using a 6 % 60 matrix. In cyclic shift interleaving,
the value of the bit shifts in each row B was set at six. As
the results show, the cyclic shift interleaver achieved a bit
ertor rate of 1075 with the lowest E;/Np. At around 1074,
the performance of the cyclic shift interleaver exceeded that
of the uniform random interleaver. This is because the uni-
form random interleaver may generate an output pattern that
is the same as the input pattern.

4.3 Multipath Fading Channels

In this section, the simulation results for multipath fading
channels are discussed. The channel model used is the four-
channel model provided by the 1EEE802.15.3a, The chan-
nels are CM1, CM2, CM3, and CM4 and their characteris-
tics are listed in Table 3. In this table, NPjgg4g is the number
of paths within 10dB of the strongest path, and NPgsq, 12p-
resents the number of paths containing 85% of the energy.
These models assume that the channel impulse response is
constant during transmission of a packet if it is shorter than
200 usec. The system parameters are shown in Table 4, In
multipath fading channels, rake combining can be used to
capture dispersive path energies. In the simulations, a se-
lection rake (s-rake) combining [10] was used in which the
largest F paths were coherently combined. In the relation
to the use of s-rake combining, we assumed that the time
shifts 7, and weights @ in Eq. (7) were estimated perfectly.
The SISO MBOK demapping algorithm was not medified
in any way, even though the channel models were replaced
by multipath fading channels and rake combining was used.

The simulation results are shown in Fig.11. In this
figure, the results for the [133,171]3 convolutional coded
4BOK system using Viterbi decoding are also shown for
comparison. As the results show, the use of CIDD clearly
provides better performance than Viterbi decoding for all of
the channels. With the CIDD, the results for CM3 were su-
perior to those for CM2. This is because the SISO MBOK
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Table 3 Characteristics of channel model provided by IEEER02.15,
TG3a based on sampling time 167 psec [11].

CM]1 | CM2 CM3 ChM4

Channel model LOS | NLOS | NLOS | NLOS
Mean excess delay [nsec] 4.9 94 138 26.8
RMS delay [nsec] 5 8 14 26
NPuudB 133 18.2 253 414

NP(85%) 214 372 627 128

Channel energy mean [dB] | 0.3 0.1 0.2 0.1
Channel energy STD [dB}] 29 33 3.4 3.2

Table4 Simulation parameters for multipath fading channels.

MBOK pulse mapping 4BOK
Convolutional code (15,173
Coding rate R.=1/2
Channel decoding algorithm max-log-MAP
Interleaver cyclic shift interleaver (B = 6)
Interleaver size N =360 bits
Channel estirnation perfect on 02, ap and 7
Rake combining 16-finger s-rake
Detection coherent (tq = 0)
Chip rate 1.368 GHz
Equalizer Not used
10° ——r—r T
® 4BOK
N=360bits

—Caem CM1
—o— CM2 |
—t— M3

—Ce G4

Bit Error Rate

Fig.11  Biterror rate performances for multipath fading channels.

demapping algorithm that was used is not optimum for mul-
tipath fading channels and receivers using rake combining.
However, the results show that the simple demapping al-
gorithm derived in Sect. 3.2 can significantly improve error
rate performance, In addition, the difference in the E} /N,
required to satisfy the 1073 between CM1 and CM4 was less
than 1.5dB. This demonstrates that an MBOK DS-UWB
with CIDD can provide stable performance in various mul-
tipath fading environments. CIDD improves performance
by means of iterative processing, which updates the likeli-
hood information for MBOK symbeols using a priori infor-
mation from the SISO decoder, as shown in Eq. (16). Fig-
ure 12 shows the transition in the bit error rate performance
for CM3, demonstrating the improvements generated by the
iterative process. In other words, this iterative process can
be viewed as playing a similar role to a decision-feedback
equalizer. C1DD produces these improvements in multipath
fading channels without requiring an equalizer.
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Fig.12  Bit error rate performance in CM3 channel,

5. Computational Complexity

In this section, the computational complexity of CIDD is
estimated using the equivalent additions method proposed
by Wu [17]. This method estimates the total complexity of
signal processing by translating the complexity of each op-
cration into ADD operations. In Table 5, the relative com-
plexities of ADD, SUB, MUL, and MAX are shown.

First, the complexity of the SISO MBOK pulse demap-
ping algorithm is estimated. The required computation num-
ber per symbol for each operation is shown in Table 6. The
total complexity per codeword of length N is given by

C, = g KM = 1) +2M) 22)

With 4BOK and 8BOK, the complexity is 5760 and 12000,
respectively, with an interleaver size of N = 360.

The complexity of the S1SO convolutional decoding al-
gorithm based on the max-log-MAP algorithm has also been
derived [17], and is given by

C.=(34-2"—9)- % 23)

I the case of N = 360, the complexity reaches 22860 and
47340 for v = 2 and 3 convolutional codes, respectively.
Clearly, the complexity of the convelutional decoder is the
largest factor in the total complexity. After N, iterations, the
total complexity Cya is given by

Crow = (Cp +C)-N; (29)

Note that we did not consider the computational complexity
of interleaving and deinterleaving when estimating the to-
tal computational complexity. This is because most of the
interleavers applicable to CIDD do not require any compu-
tational operations even though access to a memory is re-
quired.

Figure 13 shows the bit error rate performance versus
computational complexity for 4 and 8BOK DS-UWB sys-
tems with C1DD. For comparison, the simulation results are
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Table S  Equivalent addition for some operations [17].
Operations ADD | SUB | MUL | MAX
Computational complexity i 1 1 2

Table 6  Number of times ADD, SUB, MUL, and MAX opertions occur
per symbol in derived SISO MBOK demapper.

Type [ ADD | SUB | MUL MAX
#oftimes || K-M | K [ M-k+D | (X-1)k

10° —T -

[133,171],

10" Viterbi decading -
[ 4BOK I
iter. N=360 bits

8BOK £ /N,=3.5dB -
(AWGN channel) 1

Bit Emror Rate

109 CIDD s
—o— [5,7)
—— [15,17),
104 .
4 of iterations Increases ]
10-5 1 1 4
10° 1 197

108 1
Complexity

Fig. 13  Bit error rate performance versus computational complexity for
static channels.

also shown for {133, 171]3 coded MBOK DS-UWB system
using Viterbi decoding. The complexity of the Viterbi de-
coding is given by [17]

Cy=Cp+(10-2+6)- 5 25)

As the results for 4 and 8BOK show, comparing with Viterbi
decoding, CIDD provides better performance with almost
the same complexity.

Turbo coding, which is parallel concatenated convolu-
tional coding, is an effective and popular coding method
[12]. However, its decoding complexity may be larger
than that of CIDD with the same memory length v be-
canse a turbo decoder needs two constituent SISO convo-
lutional decoders. The computational complexity of the
max-log MAP-based constituent decoder is given by C,, =
(26-2" —3)- £ [17]. The total complexity of turbo decoding
after N, iterations is given by

Ci=Cp+ N 2Ca 26)

Table 7 compares murbo decoding with CIDD in terms of
complexity and performance. In turbo coding, each R, =
1/2 code is obtained by puncturing the original R. = 1/3
trbo code.

As these results show, compared with a turbo-coded
system, CIDD is a superior decoding strategy in terms of
complexity and performance improvement.



2628

Table 7 Comgparison of turbo decoding and CIDD in terms of complex-
ity and performance (Af =4, N =360 and R, = 1/2).

[5,718 (45, 1718
complexity | BER complexity | BER
Tubo|| 1.51x10° | 648x 1073 ] 3.01x 1P | 507 %107
CIDD[| 1.14x 10° | 244x 1077 | 1.39x10° | 225x 1073

6. Conclusions

This paper discussed the use of a combined iterative demap-
ping and decoding (CIDD) approach to improve the error
rate performance of MBOK DS-UWB systems [4]. A SISO
MBOK pulse demapping algorithm based on a max-log
MAP algorithm was derived to enable the turbo principle
to be applied to the C1DD.

The results showed that by using iterative decoding,
CIDD improved the error rate performance of static chan-
nels, and the derived bounds fit the simulation results after
sufficient iterations. In addition, the simulation results sug-
gest that cyclic shift interleavers are suitable for MBOK DS~
UWB systems using CIDD. It was also shown that in mul-
tipath fading channels, CIDD acts like a decision-feedback
equalizer, improving error rate performance through itera-
tive decoding without requireing an additional equalizer.

Finally, the computational complexity of C1IDD was es-
timated using the equivalent addition method. The results
showed that the computational complexity of CIDD is al-
most the same as that of the Viterbj decoding of [133, 171];
conventional convolutional code.
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Appendix: Derivation of Eq.(14)

The logarithm of the a priori probability P(c.) is given by
log P(cm) = log P(b],)

K
= log P(c'(n) = &, (nc)) (A-1)
n=13G-1)K
The a prior probability for ¢’(n) is expressed as
N = Oy = 1 )
P(C (n) = 0) - 1+ eL,.(r.‘(n)) (A 2)
Pm=D=1-Pdn)=0)
L)

= 1+ eletc (A-3)

By taking the logarithm of the above equations,
log P(c'(n) = 0) = —log(1 + £~ (A4

log P(c'(n) = 1) = Ly(c'()) ~ log(1 + e~)
= L,(¢'(n)) ~ log P(c'(n) = 0)
(A-3)
By using this relation, Eq. (A- 1) can be rewritten as

K

log Plen)= )| La(c(m)- D, logP(c(w)=0)

ba{ng)=1 n=1+{i-1)K
(A-6)

If the latter term, which is a common term among the all ¢;,,,
is set at A,, then we obtain

(5.9
log Plem)= Y La(c'() - b(m) — A, o)
n=1Hi-DK
where we introduce
i-K
Y, Lidgm= ) LEm)-bm) (A8
Balng)=1 a=1+(i-HK

into Eq. (A- 6). Equation (14) is thus derived.
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