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Kawada T, Yamazaki T, Akiyama T, Li M, Zheng C, Shishido
T, Mori H, Sugimachi M. Angiotensin Il attenuates myocardial
interstitial acetylcholine release in response to vagal stimulation. Am J
Physiol Heart Circ Physiol 293: H2516-H2522, 2007. First published
July 20, 2007; doi: 10.1152/ajpheart.00424.2007.—Although ANG 11
exerts a variety of effects on the cardiovascular system, its effects on
the peripheral parasympathetic neurotransmission have only been
evaluated by changes in heart rate (an effect on the sinus node). To
elucidate the effect of ANG II on the parasympathetic neurotransmis-
sion in the left ventricle, we measured myocardial interstitial ACh
release in response to vagal stimulation (1 ms, 10 V, 20 Hz) using
cardiac microdialysis in anesthetized cats. In a control group (n = 6),
vagal stimulation increased the ACh level from 0.85 = 0.03t010.7 =
1.0 (SE) nM. Intravenous administration of ANG II at 10
pg-kg~'+h~!' suppressed the stimulation-induced ACh release to
7.5 = 0.6 nM (P < 0.01). In a group with pretreatment of intravenous
ANG II receptor subtype 1 (AT, receptor) blocker losartan (10 mg/kg,
n = 6), ANG Il was unable to inhibit the stimulation-induced ACh
release (8.6 = 1.5 vs. 8.4 £ 1.7 nM). In contrast, in a group with local
administration of losartan (10 mM, n = 6) through the dialysis probe,
ANG 1 inhibited the stimulation-induced ACh release (8.0 = 0.8 vs.
58 * 1.0 nM, P < 0.05). In conclusion, intravenous ANG II
significantly inhibited the parasympathetic neurotransmission through
AT, receptors. The failure of local losartan administration to nullify
the inhibitory effect of ANG II on the stimulation-induced ACh
release indicates that the site of this inhibitory action is likely at
parasympathetic ganglia rather than at postganglionic vagal nerve
terminals.

cardiac microdialysis; cats; losartan

ANG 11 Has a variety of effects on the cardiovascular system
(22): it acts on the vascular beds to increase peripheral vascular
resistance and also on the adrenal cortex to cause volume
retention. These direct effects of ANG II contribute to the
maintenance of arterial pressure (AP). Aside from these direct
effects, ANG Il has been shown to modulate the sympathetic
nervous system both centrally (7, 9) and peripherally (10).
With respect to the sympathetic regulation in the heart, how-
ever, exogenous ANG II does not facilitate stimulation- and
ischemia-induced norepinephrine release in the porcine left
ventricle (18). Compared with a number of reports on the
sympathetic system, only a few reports are available as to the
effects of ANG II on the parasympathetic system. In 1982,
Potter (23) demonstrated that ANG II (5-10 pg iv, body wt not
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reported) inhibited bradycardia induced by vagal stimulation in
dogs. In that study, administration of ACh reduced the heart
rate to an identical degree in the presence or absence of ANG
I1, suggesting that the inhibition of bradycardia by ANG II was
attributable to the inhibition of the ACh release from the vagal
nerve terminals. In contrast, Andrews et al. (3) reported that
ANG II (500 ng/kg iv) did not inhibit bradycardia induced by
vagal stimulation in ferrets. In a rat heart failure model, ANG
Il receptor subtype 1 (AT, receptor) antagonist losartan en-
hanced the bradycardic response to vagal stimulation (5). In
pithed rats, an angiotensin-converting enzyme (ACE) inhibitor
captopril also enhanced the bradycardic response to vagal
stimulation (25, 26). In all of these studies, changes in the heart
rate were used as a functional measurement of peripheral vagal
function because of the difficulty in measuring the ACh release
in the in vivo heart. Accordingly, whether ANG Il affects the
vagal control over the ventricle remains unknown. The aim of
the present study was to examine the effect of ANG II on the
vagal stimulation-induced ACh release in the left ventricular
myocardium by measuring the interstitial ACh levels directly
using a cardiac microdialysis technique (1, 13-15). We also
explored the possible sites of action for the effect of ANG Il on
the stimulation-induced ACh release by administering losartan
systemically from the femoral vein or locally through the
dialysis fiber. Because ACh has a protective effect on the
ischemic myocardium (12, 24, 29), elucidating the effect of
ANG 1I on the ACh release in the ventricle would be helpful to
understand the mechanism of ACE inhibitor or AT, receptor
antagonist for the treatment of heart diseases (16, 17).

MATERIALS AND METHODS
Surgical Preparation

Animal care was provided in strict accordance with the Guiding
Principles for the Care and Use of Animals in the Field of Physio-
logical Sciences approved by the Physiological Society of Japan. All
protocols were approved by the Animal Subject Committee of the
National Cardiovascular Center. Twenty eight adult cats weighing
from 1.9 to 4.9 kg were anesthetized using an intraperitoneal injection
of pentobarbital sodium (30-35 mg/kg) and were then ventilated
mechanically with room air mixed with oxygen. The depth of anes-
thesia was maintained by a continuous intravenous infusion of pen-
tobarbital sodium (1-2 mg-kg™'-h™") through a catheter inserted in
the right femoral vein. Systemic AP was monitored by a catheter
inserted in the right femoral artery. Heart rate was determined from an

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

http://www .ajpheart.org



e N £ Bn A L R N YT P AT w3 M MRS S A e k4 e s waa

ANGIOTENSIN II AND ACETYLCHOLINE

electrocardiogram using a cardiotachometer. Esophageal temperature
of the animal, measured using a thermometer (CTM-303; TERUMO),
was maintained at ~37°C using a heating pad and a lamp. Both vagal
nerves were exposed and sectioned bilaterally through a midline
cervical incision. With the animal in the lateral position, we resected
the left fifth and sixth ribs to approach the heart. After the incision of
the pericardium, the heart was suspended in a pericardial cradle.
Stainless steel wires were attached to the apex and the posterior wall
of the left ventricle to pace the heart. Using a fine guiding needle, we
implanted a dialysis probe transversely through the anterolateral free
wall of the left ventricle. Next, we attached a pair of bipolar platinum
electrodes to the cardiac end of each sectioned vagal nerve. The

nerves and electrodes were covered in warmed mineral oil for insu-

lation. We gave heparin sodium (100 U/kg) intravenously to prevent
blood coagulation. At the end of the experiment, postmortem exam-
ination confirmed that the semipermeable membrane of the dialysis
probe had been implanted in the left ventricular myocardium.

Dialysis Technique

The materials and properties of the dialysis probe have been
described previously (1). Briefly, we designed a transverse dialysis
probe in which a dialysis fiber of semipermeable membrane (13 mm
length, 310 wm outer diameter, 200 um inner diameter; PAN-1200,
50,000 mol wt cutoff; Asahi Chemical) was attached at both ends to

Protocol 1 (n = 6)

H2517

polyethylene tubes (25 cm length, 500 wm outer diameter, 200 pum
inner diameter). The dialysis probe was perfused at a rate of 2 pl/min
with Ringer solution containing the cholinesterase inhibitor physostig-
mine (100 uM). Experimental protocols were started 2 h after im-
planting the dialysis probe when the ACh concentration in the dialy-
sate reached a steady state. ACh concentrations in the dialysate were
measured by an HPLC system with electrochemical detection (Eicom,
Kyoto, Japan).

Figure 1 schematizes the three original protocols and two supple-
mental protocols utilized in the present study. The hatched rectangle
indicates the baseline sampling, whereas the solid rectangles indicate
the sampling during the 10-min vagal stimulation period (1 ms, 10V,
20 Hz) in each protocol. The stimulus was set supramaximal to most
easily delineate the possible effect of ANG II on myocardial intersti-
tial ACh release. In all of the vagal stimulation periods, we paced the
heart at 200 beats/min to avoid the difference in heart rate affecting
the vagal stimulation-induced ACh release (14). For baseline sam-
pling periods, we paced the heart at 200 beats/min when spontaneous
heart rate was <200 beats/min.

Protocol 1 {n = 6). We examined the effects of intravenous
administration of ANG II on vagal stimulation-induced myocardial
ACh release. We collected a dialysate sample under baseline condi-
tions. We then stimulated the vagal nerve and paced the heart for 10
min and collected a dialysate sample during the stimulation period
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Fig. 1. Schematic representation of the protocols used in the present study. After implantation of the dialysis probe (2 h), we obtained a baseline dialysate sample
(hatched rectangles) for 10 min. Thereafter, we obtained 4 dialysate samples during vagal stimulation with fixed-rate pacing for 10 min (filled rectangles) at
intervening intervals of 15 min. In protocols I through 3, after obtaining 2 control trials (VS and VS2), we initiated intravenous administration of ANG 1I at
10 pg-kg~'-h~! and waited for 15 min to obtain a dialysate sample during vagal stimulation with fixed-rate pacing (A10-VS). We then increased the dose of
ANG 1 to 100 pg-kg~'-h™! and waited for an additional 15 min before obtaining a dialysate sample during vagal stimulation with fixed-rate pacing (A100-VS).
In protocol 2, the ANG II receptor subtype 1 blocker losartan was administered by bolus injection (10 mg/kg) before obtaining a baseline dialysate sample and
also immediately before the beginning of each dose of ANG II administration (¥). In protocol 3, we administered losartan (10 mM) through the dialysis probe
throughout the protocol. In protocol 4, we first collected a dialysate sample using perfusate free of physostigmine. We then replaced the perfusate with Ringer
solution containing physostigmine and collected dialysate samples of baseline and vagal stimulation (VS). Approximately 15 min after the onset of iv ANG Il
administration at 10 pg-kg™!-h~!, we collecied dialysate samples of baseline (A10-baseline) and vagal stimulation (A10-VS). In protocol 5, we collected
dialysate samples during a control vagal stimulation (VS) and during the 2 doses of iv ANG II administration (A10-VS and A100-VS). The pressor effect of
ANG II was counteracted by simultaneous iv infusion of the L-type Ca>* channel blocker nifedipine.
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(VS)). After an intervening interval of 15 min, we repeated the 10-min
vagal stimulation with fixed-rate pacing and collected another dialy-
sate sample (VS,). After performing these two control trials, we began
intravenous administration of ANG If at 10 pg-kg™'-h™"'. Approxi-
mately 15 min after the onset of the ANG II administration, we
collected a dialysate sample (A10-VS) during 10-min vagal stimula-
tion with fixed-rate pacing. We then increased the dose of ANG Il -at
100 pg-kg~!-h~'. Approximately 15 min after the onset of the
higher-dose ANG II administration, we collected a final dialysate
sample (A100-VS) during 10-min vagal stimulation with fixed-rate
pacing.

Protocol 2 (n = 6). We examined whether the intravenous AT,
receptor antagonist losartan would block the effects of ANG I on the
vagal stimulation-induced myocardial ACh release. We infused’losar-
tan potassium intravenously at 10 mg/kg and waited for ~15 min. We
then collected baseline, VS;, and VS, samples with an intervening
interval of 15 min, as described in protocol 1. Next, after an additional
bolus injection of losartan potassium at 10 mg/kg, we began intrave-
nous infusion of ANG II at 10 pg-kg~'-h~'. After ~15 min, we
obtained a dialysate sample of A10-VS. Finally, after another bolus
injection of losartan potassium at 10 mg/kg, we began intravenous
infusion of ANG II at 100 pg-kg™'-h™'. After an additional 15 min,
we obtained a dialysate sample of A100-VS.

Protocol 3 (n = 6). We examined whether local administration of
losartan would block the effects of ANG II on the vagal stimulation-
induced myocardial ACh release. We perfused the dialysis probe with
Ringer solution containing 10 mM of losartan potassium. Taking into
account the distribution across the semipermeable membrane, we
administered losartan at a concentration >400 times higher than that
for intravenous administration in protocol 2. Because local adminis-
trations of larger molecules such as w-conotoxin GVIA (molecular
weight 3037) and w-conotoxin MVIIC (mol wt 2,749) were able to
suppress vagal stimulation-induced ACh release in our previous study
(15), it would be reasonable to assume that losartan potassium (mol wt
461) should have spread in the vicinity of the dialysis fiber, from
which the dialysate was collected. Using the same procedures as
described in protocol 1, we obtained dialysate samples for baseline,
VS,, VS,, A10-VS, and A100-VS. A previous study indicated that
ACh measured by cardiac microdialysis in the left ventricle mainly
reflected ACh released from the postganglionic nerve terminals and
not from the parasympathetic ganglia (1 and see DISCUSSION for
details).

Protocol 4 (n = 5). To examine the effects of ANG II on the
baseline ACh level, we performed an additional protocol where the
baseline ACh level was measured during intravenous infusion of
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Fig. 2. Changes in dialysate ACh concentrations obtained from protocol 1.
Vagal stimulation significantly increased the ACh levels. There was no
significant difference in the ACh level between the 2 control trials (VS and
VS,). The ACh leve!l was significantly lower in A10-VS and A100-VS
compared with that measured in VS, and VS, There was no significant
difference in the ACh level between A10-VS and A100-VS. Values are
presented as mean and SE. *P < 0.01 by Tukey’s test.
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Fig. 3. Changes in dialysate ACh concentrations obtained from protocol 2.
Vagal stimulation significantly increased the ACh levels. There was no
significant difference in the ACh level among the 4 dialysate samples during
vagal stimulation (VS1, VS, A10-VS, and A100-VS). Values are presented as
means and SE. *P < 0.01 by Tukey’s test.

ANG I at 10 ng-kg~'-h™' (A10-baseline). In this protocol, we also
obtained a dialysate sample using the perfusate without the cholines-
terase inhibitor physostigmine before the usual dialysate sampling
using the perfusate containing physostigmine.

Protocol 5 (n = 5). To avoid the pressor effect of ANG II, we
administered an L-type Ca2?* channel blocker nifedipine (0.5-2.0
mg-kg~!-h™") simultaneously with ANG II and obtained dialysate
samples for VS, A10-VS, and A100-VS. In a previous study, intra-
venous administration of an L-type Ca®* channel blocker alone did
not affect the vagal stimulation-induced myocardial ACh release
significantly (15).

Statistical Analysis

All data are presented as mean = SE values. In protocols I through
3, myocardial interstitial ACh levels were compared among baseline,
VS, VS,, A10-VS, and A100-VS samples using a repeated-measures
ANOVA (8). When there was a significant difference, Tukey’s test for
all-pairwise comparisons was applied to identify the differences
between any two of the samples. Differences were considered signif-
icant at P < 0.05. The mean AP value in the last 1 min of the 10-min
vagal stimulation period was treated as the AP value during vagal
stimulation. The AP data were compared using a repeated-measures
ANOVA among baseline, during the two control stimulations (VS,
and VS,), and before and during vagal stimulation under the two
different doses of intravenous ANG II administrations. When there
was a significant difference, Dunnett’s test for comparison against a
single control was applied to identify differences from the baseline
value. Differences were considered significant at P < 0.05. In
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Fig. 4. Changes in dialysate ACh concentrations obtained from protocol 3.
Vagal stimulation significantly increased the ACh levels. There was no
significant difference in the ACh level between the 2 control trials (VS, and
VS,). The ACh level was significantly lower in A10-VS and A100-VS
compared with that measured in VS; and VS,. There was no significant

- difference in the ACh level between A10-VS and A100-VS. Values are

presented as means and SE. P < 0.05 and *P < 0.01 by Tukey’s test.
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Table 1. Mean arterial pressure values before vagal stimulation and during the last 1 min of stimulation

Baseline VS VS Al0 Al0-VS A100 A100-VS
Protocol | 102x11 9317 9117 132+9¢ 105+19 129*13% 105%21
Protocol 2 10217 71=16* 69+ 16* 80=%15 68+17* 86+19 72+ 18*
Protocol 3 102x13 160=17 92+17 139x11* 120=19 14711* 12221

Data are means + SE obtained from baseline, two control trials (VS; and VS5), before (A10) and during (A10-VS) vagal stimulation under iv administration
of ANG IT at 10 pg-kg™'-h™!, and before (A100) and during (A100-VS) vagal stimulation under iv administration of ANG II at 100 ng-kg™'-h™'. The heart
was paced at 200 beats/min whenever vagal stimulation was applied. TP < 0.05 and *P < 0.01 from the respective baseline values by Dunnett’s test.

protocol 4, the baseline ACh levels were compared before and during

the ANG II administration using a paired t-test. The ACh levels during.

vaga] stimulation were also compared before and during ANG II
administration using a paired t-test. In protocol 5, the ACh levels and
the mean AP values were compared among VS, Al0-VS, and
A100-VS using a repeated-measures ANOVA followed by Tukey’s
test.

RESULTS

In protocol 1, vagal stimulation significantly increased myo-
cardial interstitial ACh levels (Fig. 2). There was no significant
difference between two control trials with an intervening in-
terval of 15 min [VS;: 10.7 = 1.0 (SE) nM and VS,:9.9 = 0.9
(SE) nM]. Intravenous administration of ANG II at 10
pg-kg~'-h~! significantly attenuated the vagal stimulation-
induced ACh release (A10-VS: 7.5 = 0.6 nM) to ~71% of
VS,. Although the intravenous administration of ANG II at
100 pg-kg~'-h~! also significantly attenuated the vagal stim-
ulation-induced ACh release (A100-VS: 7.3 * 0.9 nM)
to ~68% of VS, the ACh levels were not different from those
of A10-VS.

In protocol 2, vagal stimulation significantly increased myo-
cardial interstitial ACh levels under control stimulations (VS;:
86 = 1.5 nM and VS;: 8.7 = 2.0 nM; Fig. 3). With a
pretreatment of intravenous losartan, intravenous ANG II was
unable to suppress the vagal stimulation-induced ACh release
(A10-VS: 84 = 1.7 nM and AI100-VS: 7.1 * 1.4 nM).
Although the mean level of ACh tended to be lower in
A100-VS compared with VS, or VS,, the differences were not
statistically significant.

In protocol 3, vagal stimulation significantly increased myo-
cardial interstitial ACh levels under control stimulations (VS;:
8.0 = 0.8 nM and VS, 7.9 = 0.8 nM; Fig. 4). Intravenous
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ANG II at either 10 pg-kg™'-h™! or 100 pg-kg™'-h™' sig-
nificantly suppressed the vagal stimulation-induced ACh re-
lease to ~72% (A10-VS: 5.8 = 1.0 nM) and 62% (A100-VS:
5.0 = 0.7 nM of that seen in VS,), respectively.

In protocol 1, the AP values before the vagal stimulation
during the intravenous ANG II administrations (A10 and
A100) were significantly higher than the baseline AP value
(Table 1). The AP values during vagal stimulation (VS,, VS,,
A10-VS, and A100-VS) were not different from the baseline
AP value. In protocol 2, the AP value before the first admin-
istration of losartan was 126 = 14 mmHg. The AP values
before the vagal stimulation during the intravenous ANG II
administrations (A10 and A100) were not significantly differ-
ent from the baseline AP value. The AP values during vagal
stimulation (VS,, VS;, A10-VS, and A100-VS) were signifi-
cantly lower than the baseline AP value. In protocol 3, the AP
values before vagal stimulation during the intravenous ANG II
administrations (A10 and A100) were significantly higher than
the baseline AP value. The AP values during vagal stimulation
(VS1, VS5, A10-VS, and A100-VS) did not differ statistically
from the baseline AP value.

Figure 5 illustrates typical chromatograms obtained from
one animal in protocol 4. The baseline ACh level was below
the limit of determination (0.5 nM) when the perfusate did not
contain physostigmine. Approximately 1 h after replacing the
perfusate with Ringer solution containing physostigmine, the
baseline ACh level was above the limit of determination. As
shown in Table 2, vagal stimulation significantly increased the
ACh level (VS). The intravenous administration of ANG II did
not affect the baseline ACh level (A10-basline) but signifi-
cantly attenuated the ACh level during vagal stimulation
(A10-VS).

A10-VS

Fig. 5. Typical chromatograms for the ACh measure-
ments obtained from protocol 4. ACh was less than the
limit of determination when perfusate did not con-
tain physostigmine (physostigmine-free baseline). The
baseline ACh level was above the limit of determina-
tion when perfusate contained 100 pM physostigmine.
(This perfusate was usually used for the ACh measure-
ments.) Vagal stimulation increased the ACh level (VS).
The administration of ANG I at 10 pg-kg~'-h~! did not
affect baseline ACh level (A10-baseline) but significantly
attenuated the vagal stimulation-induced ACh release
(A10-VS). See Table 2 for pooled data of ACh levels.
ND, not detected.
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Table 2. Mean arterial pressure values and ACh concentrations obtained in protocol 4

Physostigmine-free Baseline Baseline Vs A10-Baseline Al0-VS
ACh, nM Not detected 1.6+0.4 10.6*+2.4 1.7x0.5 7.8x2.1*
Mean artenial pressure, mmHg 1t1=11 109+12 103+6 148 +3* 1186

Data are means *+ SE obtained from physostigmine-free baseline, baseline, control vagal stimulation (VS), and baseline (A10-baseline) and vagal stimulation
(A10-VS) under iv administration of ANG Il at 10 pg-kg™'-h™'. There was no significant difference in the ACh level between baseline and A10-baseline by
a paired-s-test. The ACh level was significantly lower in A10-VS than in VS by a paired--test. Mean arterial pressure was significantly higher in A10-baseline
compared with the physostigmine-free baseline value by Dunnett’s test. *P < 0.01.

In protocol 5, the pressor effect of ANG II was counteracted
by the simultaneous intravenous infusion of nifedipine
(Table 3). Under this condition, the intravenous administration
of ANG II significantly attenuated the stimulation-induced
ACh level to ~83% (A10-VS) and 72% (A100-VS) of that
seen in VS.

DISCUSSION

The present study demonstrated that intravenous ANG II
significantly inhibited the vagal stimulation-induced myocar-
dial interstitial ACh release in the left ventricle in anesthetized
cats. Intravenous administration of losartan abolished the in-
hibitory effect of ANG II on the stimulation-induced ACh
release, suggesting that the inhibitory action of ANG II was
mediated by AT, receptors.

Inhibitory Effect of ANG Il on Myocardial Interstitial
ACh Release

Only a few reports have focused on the modulatory
effects of ANG II on the parasympathetic nervous system (3,
5, 25, 26), all of which have used the heart rate reduction in
response to vagal stimulation as a functional measurement
to assess the peripheral vagal function. Although ANG 11
has been shown to inhibit the ACh release in the rat
entorhinal cortex in vitro (4), the direct evidence for the
inhibitory effect of ANG II on the ACh release in the
peripheral vagal neurotransmission in vivo has been lacking.
The present study demonstrated that intravenous ANG II
inhibited the vagal nerve stimulation-induced ACh release
in the left ventricle in vivo (Fig. 2). As for the sympathetic
system in the heart, Lameris et al. (18) have previously

demonstrated that ANG I does not affect the sympathetic

nerve stimulation-induced norepinephrine release. The in-

Table 3. Mean arterial pressure values and ACh
concentrations obtained in protocol 5

VS A10-VS A100-VS
ACh, nM ] 127=1.1 10.6 1.1+ 9.2x1.5*
Mean arterial pressure, mmHg 83.4%x122 68.4x63 70.4£9.5

Data are means * SE from a control vagal stimulation trial (VS), during
vagal stimulation under iv administration of ANG II at 10 pg-kg='-h™!
(A10-VS) and during vagal stimulation under iv administration of ANG II
at 100 pg-kg~'-h~! (A100-VS). The heart was paced at 200 beats/min
during vagal stimulation. In this protocol, the pressor effect of ANG Il was
counteracted by simultaneous iv administration of the L-type Ca®* channel
blocker nifedipine (0.5-2 mg-kg~'-h~!). +P < 0.05 and *P < 0.01 from
the VS group by Tukey’s test. There was no significant difference between
A10-VS and A100-VS in the ACh level. There were no significant differ-
ences in mean arterial pressure among the three trials.

significant effect of ANG II on the sympathetic neurotrans-
mission and the inhibitory effect of ANG II on the para-
sympathetic neurotransmission may provide the basis for a
study by Takata et al. (26) in which ACE inhibitor enhanced
cardiac vagal but not sympathetic neurotransmission.

An increased activity of the renin-angiotensin system is
common in chronic heart failure and has been considered to
be a stimulus for aggravation of the disease. Inhibition of
the renin-angiotensin system by ACE inhibitors or by AT,
receptor blockers can prevent the ventricular remodeling
and improve the survival rate (16, 17), suggesting that
ANG 1II is indeed involved in the aggravation of heart
failure. ACh, on the other hand, can exert a cardioprotective
effect against myocardial ischemia in several experimental
settings (12, 24, 29). If ANG 1l inhibits the peripheral vagal
neurotransmission, blockade of ANG II would increase the
vagal effect on the heart. Actually, Du et al. (5) demon-
strated that losartan enhanced bradycardia induced by vagal
stimulation in rats with chronic myocardial infarction. In
that study, however, the ventricular effect of vagal stimu-
lation was not assessed. The results of the present study
indicate that ANG II inhibited the vagal neurotransmission
in the ventricle. Blockade of ANG II is therefore expected to
increase the vagal effect on the ventricular myocardium
when the vagal outflow from the central nervous system is
unchanged. Although no literatures appear to be available
as to the chronic effect of ACh on the prognosis of heart
failure, electrical vagal stimulation was able to improve the
survival rate of chronic heart failure in rats (19). In that
study, the magnitude of the vagal stimulation was such that
the heart rate decreased only by 20-30 beats/min in rats,
suggesting that a modest increase in vagal tone would be
sufficient to produce a cardioprotective effect. It is plausible
that blockade of ANG II yields beneficial effects on chronic
heart failure not only by antagonizing the sympathetic
effects but also by enhancing the vagal effects on the
ventricle.

Vagal stimulation was able to reduce the left ventricular
contractility as assessed by end-systolic elastance only when
sympathetic stimulation coexisted (20), suggesting that the
effect of vagal stimulation on ventricular contractility would be
secondary to sympathoinhibition. Accordingly, contribution of
the inhibitory effect of ANG I on the stimulation-induced ACh
release to the physiological regulation of ventricular contrac-
tility might be marginal. We think that the finding is important
as a peripheral mechanism of vagal withdrawal in heart dis-
eases accompanying the activation of the renin-angiotensin
system.
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Possible Site of the Inhibitory Action of ANG 11
on ACh Release

In protocol 3, we examined whether local administration of
losartan was able to nullify the inhibitory effect of ANG Il on
the vagal stimulation-induced ACh release. The utility of local
administration of pharmacological agents through the dialysis
fiber has been confirmed previously. As an example, local
administration the Na* channel inhibitor tetrodotoxin through
the dialysis fiber completely blocked the nerve stimulation-
induced ACh release (14). With respect to the source for ACh,

intravenous administration of the nicotinic antagonist hexame- .

thonium bromide completely blocked the stimulation-induced
ACh release, whereas local administration of hexamethonium
bromide did not, suggesting the lack of parasympathetic gan-
glia in the vicinity of dialysis fiber (1). In support of our
interpretation, a neuroanatomic finding indicates that three
ganglia, away from the left anterior free wall targeted by the
dialysis probe, provide the major source of left ventricular
postganglionic innervation in cats (11). Therefore, the myocar-
dial interstitial ACh measured by cardiac microdialysis in the
left ventricle mainly reflects the ACh release from the post-
ganglionic vagal nerve terminals. The results of protocol 3
indicate that losartan spread around the postganglionic vagal
nerve terminals failed to abolish the inhibitory effect of ANG
II on the stimulation-induced ACh release. Because intrave-
nous administration of losartan was able to abolish the inhib-
itory effect of ANG II on the stimulation-induced ACh release
(protocol 2), the site of this inhibitory action is likely at
parasympathetic ganglia rather than at postganglionic vagal
nerve terminals. The fact that AT, receptors are rich in para-
sympathetic ganglia (2) would support our interpretation.

ANG 1I has a direct vasoconstrictive effect on the coronary
artery (30). At the same time, however, the intravenous admin-
istration of ANG II tended to increase mean AP during vagal
stimulation by ~15 mmHg in protocol I (Table 1). Although
it was statistically insignificant, if this increase in mean AP
increased cardiac oxygen demand, the coronary blood flow
might have been increased (27), resulting in an increased rate
of washout in the myocardial tissue. The possibility cannot be
ruled out that such a washout mechanism contributed to the
treduction of stimulation-induced ACh release during ANG II
administration. However, the baseline ACh level was not
decreased by ANG 11 in protocol 4, suggesting that the wash-
out rate did not increase significantly. In addition, even when
the pressor effect of ANG II was counteracted by nifedipine,
ANG II was still able to inhibit the vagal stimulation-induced
ACh release in protocol 5. Therefore, we think that the change
in washout rate was not a principal mechanism for the reduc-
tion of stimulation-induced ACh release by ANG Ii.

The mechanisms for the baseline ACh release under the
vagotomized condition were not identified in the present study.
In the motor nerve terminals, a so-called nonquantal release of
ACh is documented, which is independent of nerve activity (6).
Incorporation of the vesicular transport system in the mem-
brane of the nerve terminals during an exocytosis process is
considered to be responsible for the mechanism of nonquantal
ACh release. A similar mechanism might contribute to the
baseline ACh release in the vagal nerve terminals.

Several limitations need to be addressed. First, the dose of
ANG II might have increased the plasma ANG II concentration
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beyond the physiological range. In this regard, the observed
effect might be rather pharmacological or pathological than
physiological. Nevertheless, because there are local synthesis
and degradation of ANG Il in the heart (21, 28), the inhibition
of ACh release by ANG II could operate locally in the heart.
Second, whether ANG 1I inhibited the ACh release from the
preganglionic nerve terminals or it suppressed the excitability
of the postganglionic nerve fibers to ACh was not identified in
the present study. Third, the involvement of ANG II receptor
subtype 2 (AT, receptor) in the modulation of peripheral
parasympathetic neurotransmission was not examined in the
present study because intravenous losartan was able to abolish
the inhibitory effect of ANG II on the stimulation-induced ACh
release. However, if coactivation of AT, and AT, receptors is
required for the inhibitory effect of ANG II, blockade of AT,
receptors would also abolish the inhibitory effect. Forth, we
tested just one level of vagal stimulation. Whether the effect of
ANG II on the stimulation-induced ACh release depends on the
vagal stimulation intensity remains to be resolved.

In conclusion, intravenous ANG II reduced the vagal nerve
stimulation-induced ACh release in the left ventricle. Intrave-
nous losartan abolished the inhibitory effect of ANG II on the
stimulation-induced ACh release, suggesting that this inhibi-
tion was mediated by AT, receptors. Because local adminis-
tration of losartan via dialysis fiber was unable to nullify the
inhibitory effect of ANG II on the stimulation-induced ACh
release, the site of this inhibitory action is likely parasympa-
thetic ganglia. The present results imply that the beneficial
effects of ACE inhibitors and AT, receptor antagonists in the
treatment of heart diseases may include not only the suppres-
sion of sympathetic activity but also the enhancement of vagal
activity to the ventricle.
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A Combined Coding and Modulation to Support Both Coherent
and Non-coherent Ultra-Wideband Receivers

Tomoko MATSUMOTO'?, Student Member and Ryuji KOHNO?, Fellow

SUMMARY  This letter proposes a simple combined coding and mod-
ulation based on super-orthogonal convolutional codes (SOCs) in order to
support both coherent and non-coherent ultra-wideband (UWB) receivers.
In the proposed scheme, the coherent receivers obtain a coding gain as large
as the SOC while simultaneously supporting non-coherent receivers. In ad-
dition, their performance can be freely adapted by changing the encoder
constraint length and the number of PPM slots according to its application.
Thus, the proposal enables a more flexible system design for low data-rate
UWB systems.

key words: ultra-wideband, low data-rate wireless personal area net-
works, super-orthogonal convolutional codes

1. Introduction

Low data-rate ultra-wideband (LDR-UWB) is a low cost
wireless technology, which has been widely studied recently
and is expected to serve as a core physical layer technol-
ogy for sensor networks. So far, in [1],[2], a number of re-
ceiver structures have been proposed for coherent detectors
and non-coherent detectors individually which have differ-
ing signaling scheme, meaning that there does not exist any
communications between the two types of nodes.

However, in order to meet the needs to use LDR-UWB
more widely, the identical signaling scheme should be ap-
plied for coherent and non-coherent nodes which enables
more flexible system design. In order for coherent and non-
coherent nodes to receive the same transmitted signal, the
modulation scheme should be carefully selected. Recently,
the standard of TEEE 802.15.4a {3] applied a modulation
scheme that combines pulse-position modulation (PPM) and
bi-phase shift-keying (BPSK) so that the performance of the
coherent nodes improves while simultaneously supporting
the non-coherent nodes. This modulation scheme is effec-
tively combined with a half-rate systematic convolutional
code with constraint length three [3]. However, this coding
scheme can be applied only with a fixed encoder constraint
length.

In this letter, we propose a compatible combined cod-
ing and modulation which supports both coherent and non-
coherent receivers. The design criteria for the proposed
scheme is threefold: 1) the amount of information bits to
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be received is the same for coherent and non-coherent re-
ceivers; 2) the receiver should be low-complexity, therefore
decoder with a relatively small number of states is designed;
3) the performance of the coherent receivers does not dete-
riorate due to the non-coherent receivers.

This letter presents a practical solution that meets this
design criteria based on super-orthogonal codes (SOCs) [4]-
[8). The performance of the proposed method can be freely
adapted according to its use by changing the number of PPM
slots and the encoder constraint length; thereby enabling a
flexible system design for LDR-UWB systems.

2. System Description

Consider a wireless network in which two types of receivers
exist, i.e., coherent receivers and non-coherent energy detec-
tion receivers (simply referred to as non-coherent receiver in
this letter). The transmitter has no knowledge of the type of
destination teceiver. Therefore, the transmit signal should
be designed in order to support the two types of receivers.

The modulation scheme employed in this letter is a
combination of BPSK and M-ary PPM (MPPM)*. It is
known that with coherent detection BPSK performs better
than PPM because of the larger Euclidean distance [9]. On
the other hand, the non-coherent receivers are unable to de-
modulate the BPSK symbols since it requires the knowledge
of the polarity of the signals. This leads us to believe that a
combination of PPM and BPSK should be used as the mod-
ulation scheme so that the performance of the coherent re-
ceivers improves while simultaneously supporting the non-
coherent receivers.

Letu = [up,....un,-1] € (0,1} define the informa-
tion bits where N, is the number of bits in a packet. The
information bits are convolutional coded and mapped to
both the polarity d = [dp,.".,dn,-1] € {x1} and positions
8 = [60,....05,-1]) € (0,1,...,M —~ 1}. (the mapping rule
will be described in Sect.3.) For simplicity, this letter as-
sumes single-user scenario and thus, multiple access scheme
such as time-hopping is not considered. The synchroniza-
tion between transmitter and receiver is assumed to be per-
fectly established prior to data transmission. Then, the re-
ceived signal is represented as

Nb—] Ly'l
r(t) = Z dn Z CIP(' - Gqupm" nTy—71) +V(t)v (])
n=0 =0

*In Ref.[10], this modulation scheme is referred to as
*biorthogonal pulse position modulation.’

Copyright © 2007 The Institute of Electronics, Information and Communication Engineers
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where p(f) is a transmit pulse shape which is a impulse re-
sponse of a root cosine filter with roll-off factor 8 = 0.6.
The bit duration is denoted by T, which is divided into M
PPM slots each with duration T, = T,/M. The PPM
duration is large enough so that the different PPM sym-
bols are orthogonal to each other. The number of multipath
components is denoted by L,. The amplitude and delay of
each path are denoted by e, and 7, respectively. The com-
plex additive white Gaussian noise (AWGN) with two-sided
power spectral density No/2 is denoted by v(f). The received
signal goes through the received root cosine filter yielding

#(1) = r(t) * p(-1).
2.1 Non-coherent Receiver

The non-coherent receivers collect the signal energy by us-
ing a square-law device. The non-coherent receivers are
simple in the sense that precise synchronization and chan-
nel estimation are not needed. The decision variables for
the nth bit, denoted as y€ = [yVC(0),...,y¥ (M - 1)), are
given as follows: '

: 7 ,
Y (m)= f |?(t+mTppm+nTb)| d,0osm<M, (2
0

where T; (0 < T; € T ppm) is the integration duration which
is selected according to the delay spread of the channel [11].
From Eq. (2), the receivers only detect the pulse-position;
they do not attempt to estimate the polarity.

2.2 Coherent Receiver

In the case of the coherent receivers, maximum-ratio com-
bining RAKE is employed to exploit multipath diversity.
The receivers assume the perfect channel estimation. First,
the received filter output 7(z) is sampled with a sampling
interval Az. Out of the sampled signals, L samples are cho-
sen by their magnitudes as RAKE branches. Let {6} and
{1}, denote the path index and the estimation of the am-
plitude, respectively, of the selected largest L paths. The de-
cision variables for the nth bit, y$ = [y5(0),. .., yS(M ~ 1)),
are computed as

L-1 :
ySOm) = )" Rlpjyasim)], 0 < m < M, ®)
=0

where R [z] denotes the real-part of complex number z,
Yas(m) = F(mT ppm + nTp + G,A1). As opposed to the non-
coherent receivers, the coherent receivers estimate the pulse-
position as well as the polarity of the transmitted pulses.

3. Proposed Combined Coding and Modulation

This section describes the mapping rule of the information
bits u into the polarity d and position 6 of the transmit
pulses. As mentioned earlier, the mapping rule shouid sat-
isfy the following conditions: 1) the amount of information
bits to be received is the same for coherent and non-coherent
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Fig.1 Examples of encoder structure of (a) OC and (b) SOC.

receivers; 2) the decoder has a relatively small number of
states; 3) the performance of the coherent receivers does not
deteriorate due to the non-coherent receivers. :

In what follows, we describe a simple coding and mod-
ulation that satisfies the above three conditions based on
SOCs [4]. First, we introduce the SOCs as well as orthogo-
nal convolutional codes (OCs) and then show the application
of these codes to the proposed scheme.

3.1 The Review of OCs and SOCs

Figure 1 shows the encoder structure for the OC with con-
straint length K = 2 and SOC with K = 4, respectively.
Each encoder has a K bit shift register and a Hadamard
encoder [13]. The encoder state at time n is denoted by
[S%.....8%_;) € (0, 1}, where $¢=00<i<KkK).

In the OC encoder in Fig. 1(a), the input at time n
u, and the previous input S{ (= u,-;) are inputted to the
Hadamard encoder which works by selecting one of the
rows of a 4 x 4 Hadamard matrix. Consequently, each of
the cncoder outputs corresponds to one of the rows in the
Hadamard matrix. The minimum free distance of the OC is
increased by utilizing the orthogonality between the code-
words. Since decoding is required to detect the sequence
being transmitted, the OC can be used with non-coherent
detection [4].

The SOC was' introduced by modifying OC. In this
case, the inner two bits out of four bits shift register are
mapped o one of the rows of a 4 x 4 Hadamard matrix.
Then, the two outer bits are added to the selected Hadamard
sequence by modulo-2 addition. The codewords are one
of the rows of the Hadamard matrix as well as its comple-
mentary matrix, i.e., the SOC has bi-orthogonal codewords.
This increases its minimum free distance more than that of
the OC. In this case, since one Hadamard sequence and the
complementary sequence need to be distinguished, coherent
detection is necessary. '

Note that the outputs of the Hadamard encoder in
Fig. 1(b) can be viewed as the outputs of the OC encoder
with K = 2. In other words, an OC encoder with constraint
length (K -2) is used in the SOC encoder of constraint length
K. Thus, OC can be considered to be a subset of SOC. By
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(1bit) | SelectPPMslot | &.| Symbol
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Fig.2 Proposed combined coding and modulation (K = 4, M = 4).
exploiting this property, a novel coding scheme is presented
in the following subsection.

3.2 Mapping Information Bits to BPSK/MPPM Symbols
Figure 2 shows the encoder for the proposed combined cod-
ing and modulation scheme with K = 4. In the proposed

scheme, the inner (K — 2) bit in the shift register are used to
select one PPM slot from M = 252 slots as

K-2 )
Gu=p,ST27 @)
i=]

Then, the two outer bits are added by modulo-2 addition;
this determines the polarity of the transmitted pulses.

y = un @S, ©)
1 (an= 0)
dn = {—1 (@ =1). ©

In this mapping procedure, the coherent receivers obtain a
coding gain as large as that of the SOC, since it has bi-
orthogonal codewords as in SOC. The only difference is that
PPM is used in place of the Hadamard sequences to con-
struct 2M bi-orthogonal codewords. The same concept was
used in [8] using orthogonal pulse shapes.

On the other hand, the non-coherent receivers receive
only M codewords out of 2M codewords since it can not
see the polarity. However, the non-coherent receivers can
successfully decode the transmitted codewords by using the
OC decoder having constraint length (X — 2). Note that
the orthogonal {non-overlapped) PPM signaling is the only
method for the non-coherent receivers to detect a set of M
orthogonal codewords, in other words, obtain a coding gain.

It should be also noted that the proposed scheme with
K = 3 is equivalent to the inner code of (3] (i.c., combined
BPSK/2PPM and a half-rate systematic convolutional code).

3.3 Viterbi Decoding

The decoding for the proposed code is performed by using
maximum-likelihood (ML) Viterbi decoding.

3.3.1 Non-coherent Receiver

The non-coherent receivers decode the received codewords
by using a OC decoder having NS, = 2X~! wrellis states
where K’ = K — 2 denote the effective constraint length that
is a constraint length associated with selecting the PPM slot.

[EICE TRANS. FUNDAMENTALS, VOL. E90-A, NO.6 JUNE 2007
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Fig.3 Trellis diagrams (X = 4, N¥S, = 2,NG,,, = 8).

Figure 3(a) shows the trellis diagram for encoder constraint
length K = 4. The sub-optimum branch metric associated
with &, 1s derived in Sect. A.2 as

A2(82) = Y€ (8,). )

In this case, the coding gain is obtained by utilizing the or-
thogonality between the codewords. Note that when X = 3
it corresponds to the uncoded transmission (i.e., Ns",ﬁe = 1)
therefore, no coding gain is achieved.

3.3.2 Coherent Receiver

The coherent receivers decode the received codewords by
using a SOC decoder having NS,,, = 251 trellis states. Fig-
ure 3(b) shows the trellis diagram when K = 4. The branch
metric associated with (J,, a,) is computed in Sect. A.1 as

yf(&:) (an = 0) )
-456,) (a,=1).

The trellis diagram in Fig. 3(b) has a property that the code-
words corresponding to the two branches leaving and enter-
ing each state are antipodal, which increases the minimum
distance of the code effectively. In other words, the parity

An(0n, an) = { (8)

. bits conveyed via the polarity of the transmitted pulses in-

crease the coding gain.

Here, it should be noted that with a given K, the num-
ber of trellis states of the non-coherent receivers is one-
fourth as large as that of the coherent receivers, i.e., Nis, =
NS,../4. This is reasonable considering that the purpose of
non-coherent receivers is to reduce the complexity of the re-

cetvers.
4. Numerical Results

We evaluated the performance of the proposed scheme by
means of the error rate performance in realistic UWB mul-
tipath channels. The proposed code with constraint length
K =3,4,5 is simulated. The number of PPM slots is given
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Fig.4  Bit error rate performance of the proposed scheme (coherent
receiver, AWGN channel).

34
2107
Ig
]
/m o0 Coberent (K=3)

-0 Coherent (K=4)

4] | a—¢ Coberent (K=5) |
10 || 0-0 Noncoherent (K=3)

©-0 Noncoherent (K=4)
4-4 Noncoherent (K=5)

o s

0 15 20
E/N, { dB]

Fig.5  Bit error rate performance for the coherent and the non-coherent
receiver over multipath fading channel CM 1.

by M = 2X-2, The ervor rates are averaged over 100 mul-
tipath channels in the channel model (CM) 1 [12]. For the
coherent receivers, the number of RAKE fingers is L = 8.
For the non-coherent receivers, the integration duration is
T; = 30 ns. We assume the bandwidth of the transmit pulses
is B = 2 GHz. The bit duration is T, = 0.5 us corresponding
to the bit rate R, = (T,)~! = 2 Mbps. The number of bits in
a packet is N, = 256 bit. The stmulation results are based
on soft decision Viterbi decoding.

First, Fig. 4 shows the performances of the bit error
rates in terms of signal-to-noise ratio per bit, E,/Ny, for the
coherent receivers. The performance is evaluated in AWGN
channel. The solid lines represent the simulation results of
the proposed coherent receiver while the dotted lines repre-
sent the upper bound of SOC derived from transfer function
in [4]. In this figure, the simulation results are in good agree-
ment with the upper bounds of SOC. Therefore, this figure
proves that the performance of the coherent receiver does
not deteriorate due to supporting non-coherent receivers.

Figure S and Fig. 6 show the performances of the bit
error rates and the packet error rates in terms of E,/Np for
both the coherent and the non-coherent receivers in multi-
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Fig.6 Packet error rate performance for the coherent and non-coherent
receiver over multipath fading channel CM 1.

path fading channel. From these resuits, it is observed that
the error rate performance improves with the increase in
the encoder constraint length for both receivers. The per-
formance of the non-coherent receivers with K = 3 corre-
sponds to the uncoded performance; thus, no coding gain is
achieved. The performance of the coherent receiver is better
than that of the non-coherent receiver for all value of K. One
of the reason is the higher signal-to-noise ratio of the deci-
sion variables yS (m) compared to that of the non-coherent
receivers yfc(m). The second reason is that the coherent
receivers obtain a coding gain larger than that of the non-
coherent receivers since the parity bits conveyed via the po-
larity of the transmitted pulses increase the minimum free
distance of the received codewords effectively.

As mentioned before, the proposed scheme considers
the systematic coding scheme in {3]" as a special case (i.e.,
K = 3); therefore, the proposed scheme can be viewed as a
generalization of [3] to X > 3.

A 5. Conclusion

In this letter, we proposed a simple combined coding and
modulation based on SOCs in order to support both coherent
and non-coherent receivers. The error rate performances of
the both coherent and non-coherent receivers were evaluated
in UWB multipath channels. In the proposed scheme, the
coherent receivers obtain a coding gain as large as the SOC
while simultaneously supporting non-coherent receivers. In
addition, their performance can be freely adapted by chang-
ing the encoder constraint length and the number of PPM
slots according to its application. Thus, the proposal enables
a more flexible system design for LDR-UWB systems.
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" Although outer RS coding is not considered in this letter, the
proposed scheme can be easily concatenated with other coding.
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Appendix: Derivation of ML Branch Metrics
A.1 Coherent Receiver

The ML branch metric for coherent receiver is derived. Let

= (45.....95,,]. The ML decision rule is to choose
the transrmttcd symbol corresponding to the largest of the
conditional probabilities

p(ycli a) = l_INb (yn |5m an) (A 1)
where the right-side can be further decomposed as
LA HM'l p(ySm)|6n. an),
-1
(A-2)

= ps(vs (&.)Ian ﬂ p(yS(m),
0,m#6

n

where ps (x la.) = N(u1,0?) and py(x) = NG, o?) repre-
sent Gaussian distribution where u; = d,A Y1 lail?, a
o2 = Y55 lay2No /2. Taking the logarithm ylelds

In p (45 |6, 8x) = Cdag; (6a) + C".

Discarding the constants C and C’, the branch metric is

(A-3)

A @) = dnyfS (85). (A-4)

A.2 Non-coherent Receiver

Similarly to Eq.(A-2), the conditional probability of the
output of the nth bit is given by

M-1

ps(s6n) [ ] pn{yicom).

m=0,m#5,

p(v<|on) =

(A-5)

In this case, ps{(x) and py(x) have asymmetric distribution,
i.e., they have non-central and central chi-square distribution
with degree of freedom 2M; (= 2BT; + 1) (14}, respectively.
The mean and variance of ps(x) and py(x) are given by y) =
MNo + 26, 02 = M;N + 4ENg and i = MiNo, 03 =
M; N2 where 8 is the average signal energy within 0 < t <
T;. From the central limit theory, they are approxlmated as
Gaussian distribution for large M;. For simplicity, in this
Jetter, the variances are approximated as o3 = o3, then the

- sub-optimum branch metric is given as

An(6n) = Y5 (6n). (A-6)
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Design of the Family of Orthogonal and Spectrally
Efficient UWB Waveforms

Igor Dotli€, Member, IEEE, and Ryuji Kohno, Senior Member, IEEE

Abstract—In this paper, a method for the design of nonlinear
phase, full-band, ultra-wideband (UWB) pulses that satisfy the
Federal Communications Commission’s effective isotropic radi-
ation power spectrum mask, or more generally, any other given
mask, is introduced. The method uses convex programming in
each step of the iterative procedure that updates the phase distri-
bution of the goal function. Thanks te its mathematical structure,
this method can be easily modified in order to be applied, in
sequential fashion, to several different orthogonal UWB pulse-de-
sign problems, addressed later in the paper. The first among
them is a problem considered in literature—design of multiple
pulses, orthogonal when radiated. When employed for solving
this problem, the method proposed here produces a considerably
larger number of orthogonal pulses with high energy compared
to the methods introduced before. As a novelty, the problem of
designing pulses which are orthogonal in reception is considered.
Then, a modification of our method is presented that can be used
to solve this problem. We also introduce statistical criteria of
robustness of pulses’ orthogonality in reception, to the variation
of the pulses’ shape caused by the channel transfer function. After
that, a modification of the proposed method is presented that is
capable of producing a set of pulses with predefined maximum
value of this criteria. Furthermore, it is shown that the method
proposed can be used to efficiently design orthogonal pulses using
a suboptimal value of the sample rate. All the concepts introduced
are illustrated by design examples.

Index Terms—FIR digital filters, orthogonal functions, optimiza-
tion methods, pulse shaping, signal design, ultra-wideband (UWB).

1. INTRODUCTION

HEN the U.S. Federal Communications Commission

(FCC) published its standard for the limitation of ef-
fective isotropic radiation power (EIRP) for ultra-wideband
(UWB) systems in 2002, the problem of spectrum shaping for
UWB systems came to the forefront of scientific discourse.
This mask, similarly to those that are under consideration in
Europe and Asia, defines power spectral density level that
is very low, especially in tower frequency bands, i.e., in the
global positioning system band. For this reason, in order for the
UWRB systems to achieve high data rates (which is imperative
in applications such as wireless muitimedia streaming) and/or
a reasonable range, they have to utilize the defined spectrum
mask efficiently. More precisely, they have to use a given
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The associate editor coordinating the review of this manuscript and approving
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frequency-time channel! capacity efficiently. In pulse-modu-
lated UWB systems, this means that the radiated pulse has to
be spectrally efficient, i.e., it has to have as much energy as
possible while being compliant with a given spectrum mask.

A technique that can be used additionally for improving
UWRB pulse system capacity is to use multiple pulse waveforms
that are mutually orthogonal. This can be done either in a M-ary
signaling system where one member of a signaling set (set of
M orthogonal UWB pulses) is radiated at the time, or by using
a signaling scheme in which each pulse from the set is used as
a carrier for some pulse amplitude modulation (PAM), usually
binary phase shift keying (BPSK), and pulses are radiated si-
multaneously. Moreover, in a multiuser environment, as shown
in [1], a higher capacity can be achieved if each user utilizes a
signaling set that consists of pulses that are orthogonal to those
used by other users in the system.

All these opened the problem of the design of a set of UWB
pulses that are mutually orthogonal and optimally exploit the
available spectrum mask. A set of the orthogonal UWB pulse
waveforms, based on the modified Hermite polynomials (HP)
is introduced in [}]. However, as shown in [2], in order for the
modified HP pulses to comply with the FCC’s spectrum mask,
both filtering and up-conversion has to be done. An attempt to
solve the problem described in the discrete-time domain has
been presented in [3], using pulses that are eigenvectors cor-
responding to the largest eigenvalues of a matrix calculated by
sampling FCC’s spectrum mask. However, the number of pulses
generated was only two and the FCC’s spectrum mask was not
exploited optimally. By using the discrete-time prefiltering par-
adigm, different methods, originally developed for the design
of the FIR digital filters in frequency domain, were applied for
the design of the spectrally efficient UWB waveforms [4}-[7].
In {4), the FCC mask compliant UWB waveforms were de-
signed by applying the Parks-McClellan algonithm, referred to
as a “workhorse of digital filter design methods”. In {6] and
{71, FCC mask compliant waveforms, optimal in the sense of
spectral efficiency for a given pulse duration, were designed by
using the semi-definite programing (SDP). In (5] and [7], fam- .
ilies of the orthogonal UWB waveforms that comply with the
FCC’s spectrum mask, were designed by using second-order
cone programing (SOCP). However, since the method described
in [5] and {7] is limited to the waveforms with linear phase, the
number of waveforms designed was relatively smatl. Further-
more, the spectral efficiency decreased rapidly with the inctease
of the index of a designed orthogonal pulse waveform.

This motivated us to search for a UWB pulse-waveform de-
sign method that can produce a family of orthogonal, full-band

'We consider here only systems with single antenna per user and therefore
only frequency-time channels.

1932-4553/325.00 © 2007 LEEE
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Fig. |. Pulse-design model under consideration.

UWRB pulses that, on one hand, have members with relatively
high spectral efficiency, and on the other, are as many as
possible. The method that will be described here, similarly to
[4]-[7], uses the discrete-time prefiltering paradigm for the
UWRB pulse shaping. Also, similarly to [5] and [7], it is based
on the SOCP. However, unlike [5] and [7], our method is not
limited to designing pulses with a linéar phase distribution.
Furthermore, in contrast with [5] and [7], our method uses a
full vector of filter coefficients as the optimization variable. For
these reasons, in the sequential design procedure, crosscorrela-
tion between pulse being designed and arbitrary waveform(s)
can be constrained in the-time domain. For a given set of
time shift(s), crosscorrelation between a pulse that is being
designed and some other, previously designed pulse(s), can be
constrained to be equal to zero. Furthermore, maximum and
mean-square levels of pulses crosscorrelation for a predefined
time-shift interval can be upper bounded. Our method also
enables for orthogonality among pulses to be imposed, not
only when they are radiated, as in [3], [5], and [7], but also
in detection. This aiso, unlike before, gives one the ability to
construct a set of UWB pulses, the orthogonality of which is
robust to variations of multipath channel characteristics along
different paths.

The rest of the paper is organized as follows. In Section II, a
description of the system model, used in the paper, is presented.
Then, in Section III, we derive orthogonal pulse-design methods
for different criteria that correspond to different communica-
tions scenarios. Section IV provides examples of the pulse de-
signed with methods presented in previous sections. At the end,
conclusions are deduced from our presented resuits.

II. SYSTEM MODEL

A. Pulses When Radiated

In this work, we use a UWB pulse-design model shown on
Fig. 1, similar to that used in [4]-{7].2 Let us denote the real
discrete-time sequence of length L as a column vector: w =
[un)f} € RL. This discrete-time sequence is interfaced, with
a sample rate f, = 1/T, to the analog system with pulse re-
sponse equal to ¢(t). The designed UWB pulse waveform, when
radiated, represents pulse response of the overall system

L-1
p(t) = > wig(t —IT.). )
=0

This can be rewritten in the vector form as

p(t) = g(t)Tw.

Different implementation aspect of this concept were discussed in {4].

)

where g(t) = [g(t), g(t—=T.), ..., 9(t—(L—1)T.)}T. Duration
of the pulse can be expressed as

T,=T,+(L-1)xT, 3)

where T}, is the duration of g(t).

In impulse-based UWB systems, it is customary to use sig-
naling with a periodic time-hopping (TH) spreading sequence
in order to minimize the effects of multi-access interference
(MAI) and distribute it evenly among all users in the system. Ef-
fects of the TH spreading sequence on the EIRP spectrum of the
pulse-based UWB systems have been analyzed in [2] and [4].
In {4], it has been shown that, for systems with the periodic TH
spreading sequence and either BPSK or PPM, the EIRP spec-
trum can be approximated by the scaled version of the power
spectrum of the pulse being radiated

@mme() ~ Z P B

®ginp(f) is the EIRP spectrum of the UWB system, P( f) isthe
spectrum of the pulse being radiated in the system, and ¢, and
Ty are constants representing symbol energy and frame period
respectively. According to (2), P(f) can be expressed in the
following form:

P(f) = W(£)G(f)- (5)

Here, G( f) is Fourier transform of g(t), W (f) can be expressed
in the vector form as

W(f) =v(f)Hw. (6)

v(f) n the Fourier kernel column vector that can be written
as v(f) = [exp(j27fl/f.)]E}. Consider now two pulses,
shaped in the described way, denoted by = and k, respectively:
pa(t) = g(t)Tw,, and pr(t) = g(#)T wy.. Crosscorrelation be-
tween them, when they are radiated, C{ , (7). is defined as
+o0

C,g’n(T) = / pe(Dpn(t + 7) dt. )
If the autocorrelation function of g(t) is denoted R, (t), substi-
tuting (2) in (7) results in

C (1) = WL Ry(T)W,. ®)

Here, R (7) is the L x L Toeplitz matrix of Ry(7) : Ro(7) =
[Ro(r + (i = )T )isloxc.

B. Pulses in Reception

Indoor UWB channel is usually modeled as a real multipath
channel

oC

a(t) = z @n0(t — T,0). &)

m=1

Here a,, € R is the amplitude of vuth multipath component
and 7,, € R* is its delay time. Standard IEEE P802.15.3a
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indoor channel model [8] describes time and amplitude dis-
tribution of multipath components. Regarding pulses’ orthog-
onality, pulse-shape distortion due to factors like non-omnidi-
rectional antenna characteristics, reflections from and propa-
gation through different materials can be interesting. However,
these pulse-shape distortion types are not included in the IEEE
P802.15.3a channel model. For this reason, we chose to modify
the standard model (9) and replace §(t — T,,,) with the factor
um(t — Thn). This factor does not oaly describe delay, but also
pulse-shape distortion of the 7:ith multipath component

Zamumt—T)

m=]1

a(t) = (10)

Since there is no statistical model known to the authors that
covers the described phenomena, a simple model is used. In the
model, u,,(t) is assumed to be zero-mean and a nearly white
random process, with the time-dependent power

E{u,(t)} =0 (Ha)
E{um(t)?} = ou(t)? (11b)
E{u,,(t)u.{t+7)} =0 (11c)

form = 1....,00,7 # 0, € [~00, +00}. Let us denote the
receiver’s pulse response as h(t) and b(¢} = g(t) ® h(t). Total
response of the continuous-time portion of the system can be
expressed as

c(t) = b(t) ® a(t). (12)
If the pulse shaper shown in Fig. | is used in a transmitter, ac-
cording to (10) and (12), the received pulse will have a form

f) = f)TW ® Z aauurn(f m)

m=1

(13)

Here, b(t) = {b(t).b(t — Ts), ..., b{t — (L - 1)T,)}|T.

Consider now a UWB system in which multiple pulses, of
the form (2) and (13), denoted by the index, are used. Pulses
can be radiated simultaneously, e.g., as quasi-orthogonal BPSK
carriers, or one at the time3 . For both signaling schemes, we
will assume that a RAKE receiver with an arbitrary number of
fingers is used. A template waveform of the RAKE receiver is
made according to a known part of the pulse with the index k

a(t) = b(#)Twy (14)

An assumption is made that fingers of the RAKE receiver are
synchronized with multipath components that are at least 7,
spaced from other mulitipath components. If the pulse with index
n is transmitted, the output of the correlator that con'esponds to
the mth multipath component wnll be

mn(T) = Uy Wy Rb(T)wn &Q Uy, T) (15)

IThis signaling scheme was proposed in [1] and is denoted as the orthogonal
pulse modulation {OPM).

7 = 0 is the moment of decision, while R;(7) represents the
Toeplitz matrix of autocorrelation of b(%) — Ry(7). Re(7) =
[Ro(T + (¢ = )T4)i jlexc- Similarly to (7), C} ,(7) can be
defined as

k n.(T) = wl R‘b(T)wn (16)
Hence. (15) can be rewritten as
Dy (T) = a'mck n(T) ® U, (7). (n

From (11) and (17), the first- and second-order output statistics
of the D}", (7), in the moment of decision, can be derived as
(0)} =0

E{Dp, (182)

E{ "‘,,(())2} E {a"_} / Ck ,,(1')20"(7')2 dr.

(18b)

From (18b), itis clear that the ratio of £{D}",,(0)?} for different
values of k and n does not depend on .. Therefore, without loss
of generality, we may assume E{a2 } = 1 and rewrite (18b) as

g

E{D.(0)?} = / CZ!,,(T)ZH.,‘(T)z(lT. (19)
it will be useful in the following text to rewrite (19) as a
quadratic form with respect to w,,:

E{Di.,(0)’} = wl Axw,, (20)
where A; = jf:j (r)ywiwIRy(7)o.(T)2 dr. Since A; is

a positive semi-definite matrix, by using eigen decomposition

[9], matrix By can be found which satisfies: Ax = B]B;.
Hence, (20) can be written as
E{D.(0)*} = |IBaw.||? @

which is the square of the second-order cone (SOC) with respect
1o w,.

1I1. OPTIMIZATION TECHNIQUES

A. Single-Pulse Design

In [6] and {7], nonlinear phase pulses that satisfy FCC’s spec-
trum mask, optimal in the sense of spectral efficiency, were de-
signed using SDP. Nevertheless, the method described in [6]
and {7] uses the autocorretation vector of w as the optimiza-
tion variable. For this reason, by using a convex optimization
toolbox, like [ 10], it is not possible to impose orthogonality with
any other waveform as the optimization constraint. On the other
hand, in [5) and [7], optimization was done in the domain of w
itself. However, the convex optimization formulation used was
limited to pulses with linear phase distribution and used only
half elements of w as the optimization variable. For these rea-
sons, spectral efficiency of higher order pulses decreased rapidly
as their index grew. In this work, our idea was to find a convex
optimization based method that can produce nonlinear phase
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waveforms using the full w vector as the optimization vaniable.
Then, it will be easy to impose the orthogonality requirement
with other pulses as equality constrains in sequential design pro-
cedure. For a single pulse, the goal of the optimization is to
maximize the spectral utilization factor ¢ of available power
under the given EIRP mask’s S(f) main lobe* F,,, as defined
in [5}-{7]

[P(£)l < VS(f) V. (22a)
fF,, |P(f)|2df
m‘:xx'n/) = (22b)

Jr, SNG

Similarly to [5] and [7], (22a) is not satisfied and (22b) is not op-
timized in the continuous domain, but rather in the large enough
number of discrete optimization points N = 15L. Optimization
points are uniformly distributed between 0 and f, /2. As in [5]
and {7], S(f) is replaced with its more strict version S, (f) so
that possible spectral regrowth due to the system’s nonlinearity
is taken into account. Since this phenomenon affects areas of
the shaped power spectrum with low power levels (outside the
main lobe), there the used spectrum mask is more strict than
original.5 Furthermore, maximization of v is not done directly,
but rather by the minimization of the difference between S(f)
and |P(f)|? in the F,

n}\i’n'y= \/ z So(fu) — |P(fi)?

(23a)
jl' eFv

PU| < VBT, fi= sk, 0SkSN-L
(23b)

Each constraint in (23b) can be represented as a single quadratic
constraint in the convex optimization toolbox [10). However,
the problem defined with (23) is non-convex and therefore
cannot be rewritten in the form suitable for implementation in
the convex program. Nevertheless, the convex problem, similar
to (23), can be defined

2

fL€F,

(24)

s /ST - P

miny =
w

subject to (23b).

Here, a predefined phase factor e?¢s(f) is assigned to the
V/S.(f) and the power of difference between ¢/#s(5) /S, (f)
and P(f) is minimized. In the convex optimization toolbox
[10], the sum in (24) can be implemented as a single rotated
second order cone constraint. Optionally, the problem can be
transformed so that the dimension of this rotated second order
cone constraint is lowered (5], (7).

In [5} and [7]. a strategy was proposed to set linear phase dis-
tributions prior to the optimization via Hadamard orthogonal bi-
nary codes in order to have corresponding pulses obtained from
the optimization that are “essentially orthogonal”. However, as

$For FCC mask F, = {f, | fp € {3.1.10.6] GHz}

5In the main lobe, S, ( f) is the same as S( f). In the area of side lobes. 5. ()
is set to be at least 5 dB below S(f) in order for the spectral regrowth due to
the system nonlinearities to be taken into account.
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Fig. 2. Typical convergence curve of the proposed method.

discussed in [5] and {7}, each crossing of Hadamard code be-
tween its binary states produces null in the power spectrum of
the corresponding pulse. For this reason, spectral efficiency of
designed pulses decreased rapidly as their index grew. Here, we
will adopt a different approach, and iteratively change nonlinear
phase distribution in order to get the maximum 1) possible. The
proposed optimization procedure can be described in the fol-
lowing steps.

1) Set+' = 0 and initial phase distribution to zero:

Os(fe) = 0.¥fx € F,.0
2) Solve optimization problem (24), obtaining w and .
3) Test convergence critena:

Ifly —vi/vy < 6. goto D).

4) Update phase distribution:
bs(fi) = LIP(fx)) = L(V(f)T wG(fx)). Vi € F)..

5N =

6) Goto 2).

7) End.

Therefore, the primary differences of our method from the one
described in [S] and [7] are as follows.

1) The full vector of the filter coefficients {w) is used as the
optimization variable, in contrast with [5] and [7}, where
only half elements of this vector are used.

2) The pulse’s phase distribution is nonlinear and iteratively
exchanged during the optimization process, in contrast
with {5] and [7], where it is linear and predefined.

All advantages of our pulses, that will be described in the fol-
lowing text, come from these features. The procedure described
above is not proved to be optimal in the sense of maximizing .
Nevertheless, as design examples will show, 3 achieved with
the method proposed is always higher than one achieved with
method from {5] and {7]. Typically, for § = 0.1%, the method
proposed converges in up to 15 iterations, as shown in Fig. 2.

SDuring research, it has been found that setting the initial phase distribution
to linear: os(fr} = —w(L — V) fi/f..Vfi € F,, results in the algorithm
staying fixed to the linear-phase solution, which is suboptimal in the sense of
maximizing ¢ Although, naturally, convergence is achieved in a single itera-
tion.
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B. Multiple Orthogonal Pulses Design

As in [3], [5), and [7], orthogonality among radiated pulses is
defined as zero crosscorrelation for zero time shift. In contrast
with [S] and (7], the procedure described above uses the full
vector of filter coefficients w as the optimization variable. For
this reason, it is easy to add equality constraints to the convex
optimization in step 2) that will ensure orthogonality of the pulse
being designed with an arbitrary set of waveforms. Therefore,
pulses may be designed sequentially, while the orthogonality of
pulse being designed at the current sequence step with the set
of pulses designed previously is ensured by adding appropriate
equality constraints to the optimization problem.

Let us denote designed vectors w by their index in the design
sequence: Wy, wo, Wy, .. .. In the first step-optimization of w;,
the pulse of predefined parameters: f,, L,S.(f) and G(f) is
designed using the procedure from the previous subsection. In
other words, no constraints that impose orthogonality with other
pulses are added to the optimization problem. In every following
step, convex optimization problem (24) is modified by adding
equality constraints that ensure orthogonality with the pulses
that have an index lower than the pulse being designed. For the
nth pulse, according to (8), this can be written as

Cl,(0) = w{R(O)wn =0, fork=1... (n=1)
(25)

Alternatively, by using the method proposed here, orthogo-
nality between pulses in detection can be also attained. Natu-
rally, a strict orthogonality in detection may be sought only if
the transfer function of each channel path can be approximated
to be the same and completely known, i.e., um(t) = 6(¢). for
m = 1,....0c. Then, according to (15), instead of (25), the
equality constrains that impose orthogonality in detection can
be added to the described sequential design procedure

Cp . (0) = wiRy(0)w,, =0, fork=1,...,(n—1)
(26)

while the rest of the procedure remains the same.

C. Channel Robust Orthogonal Pulse Design

By using the model introduced in Section II-B, it is possible
to design a set of waveforms, the orthogonality of which is ro-
bust to channel variations. In other words, it is possible to de-
sign a set of pulses that will have the output of the RAKE re-
ceiver for each pulse robust to interference produced by syn-
chroneously receiving other pulses instead of the desired one.
Again, the design procedure is sequential, with each step in the
sequence corresponding to the design of a single pulse, i.e., its
vector w,,. However, what is different, is that now, constraints
being added to step 2) of the numerical procedure introduced in
Subsection III-A are not an equality but SOC. According to (21),
the SOC constraint which bounds E{D; ,,(0)?} can be added
to the convex program that optimizes w,,

IBew, |l < afiBawill, fork=1,....(n-1) @7

which is equivalent to

E{Di.(0)%} < ®E{Di £ (0)?}). fork=1,... (n—1).

(28)

Therefore, a mean power of interference introduced to the
output of the RAKE receivers matched to previously designed
members of the sequence is bounded to be less or equal to
o? portion of the power when the receivers’ corresponding
pulses are received. The choice of «x can be between values in
the range 0 < o < 1. As the design examples show, it is a
compromise between a loss in spectral efficiency of waveforms
with higher indeces and interference introduced in the system
(28).

D. Orthogonal Pulses Design With Suboptimal Sample Rate

By using the method proposed here, similarly to {4], pulses
can be designed using a smaller sample rate than necessary ac-
cording to the general signal processing theory. This is pos-
sible because, on the one hand, the desired spectrum shape in
the pass-band is flat, and on the other, the spectrum of g(t} is
approximately symmetrical in F,,. Furthermore, by choosing
fo = 2% f,, [W(f)] can also be made to be symmetrical
with respect to f,. This results in having an overall spectrum
of PP(f) that is approximately symmetrical in F,. Since now
W (fs + )} = IW(f, — [)]. the pulse spectrum is bounded by
stricter of these constraints

Ip(fy'i'f)' < \/Sa(fg‘*'.f) (29a)
1P(fo = INS \Salfg— £, YIS fo.  (29D)

This makes the designed pulse suboptimal in the sense of max-
imizing 7 for a given pulse duration. Qutside of F},, this results
in having spectrum sidelobes the level of which is practically
bounded by the lower frequency part of \/S,(f).

On top of being able to design single pulse with suboptimal
fs, the method proposed here can be used to design a set of
multiple orthogonal pulses with suboptimal f.. A modification
of the original single pulse-design technique is the same as that
described in Sections II[-B and III-C.

Theoretically, the method from [S] and [7] could be also used
with a suboptimal sample rate. However, with f, = 2 x f,,
the number of nulls in the spectra of the designed pulses with
an order higher than one would double. This would make the
pulses’ spectral efficiency decrease even faster than in the case
when high f is used.

IV. DESIGN EXAMPLES

A. Muliiple Orthogonal Pulses Design Examples

For the design examples, we used a system with the same pa-
rameters as one used in [5]) and {7]: g(t) is set to be first order
Gaussian monocycle with frequency corresponding to the max-
imum of G(f) equal to f, = 6.85 GHz, which is the center fre-
quency of the FCC's mask passband. The sampling frequency
of the discrete-time filter is set to be f, = 28 GHz.
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Fig. 3. Time-domain properties of designed linear and nonlinear phase pulses. (a) Pulse waveforms. (b) Autocorrelation properties.
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Fig. 4. Spectra of the designed nonlinear and linear phase pulses.

Fig. 3 shows time domain characteristics of the first order

designed linear and nonlinear phase pulses for L = 31. Both
pulses exhibit similar properties in waveform shape and auto-
correlation. Furthermore, as Fig. 4 shows, the spectra of both
waveforms look similar. The nonlinear phase waveform attains
somewhat higher 1) regardless of the designed pulse duration,
i.e., L used in the design process, which can be observed in
Fig. 5.

Another thing that can be seen in Fig. 5 is that the problem
of constrained maximization of ¥ (22) is not completely equiva-
lent with the problem of constrained minimization of -y (24). Al-
though - attained with both linear and non--linear phase wave-
forms design uniformly decreases with the increase of L, this is
not a case with an increase of i». Waveforms of designed lower
order orthogonal linear and nonlinear phase pulses can be seen
on Fig. 6.

A similarity between orthogonal pulses designed with the
method proposed here and the one from [5]} and [7] decreases as
the index of the pulse increases. That is, the energy of designed
linear-phase pulses from [5] and [7], i.., their 45, decreased very

~©—- Linear phase waveform, y
~—#— Non-linear phase waveform, normalized y

y, normalized Y

Filter length, L

Fig. 5. ¢ and < attained with linear and nonlinear phase waveform design.

rapidly with the increase of the waveform index. On the other
hand, nonlinear phase waveforms with lower indices sustain rel-
atively high 4. This is due to nulls introduced in the spectra of
linear-phase waveforms in F,, (Fig. 8). For the same reason, au-
tocorrelation properties of linear phase pulses from [S], {7} look
somewhat better (Fig. 7). That is, because of the finite energy
property of pulses with the high ) (see Appendix A), nonlinear
phase waveforms have energy of crosscorrelation between them
approximately equal to the energy of their autocorrelations. On
the other hand, nulls that appear at different points of the spectra
of linear phase pulses from [5] and [7] make the energy of their
crosscorrelation somewhat lower. )

The ability of the method proposed here to produce a rela-
tively large set of orthogonal pulses that preserve high ¢ can
be observed in Figs. 9 and 10; there, time and spectral domain
characteristics of the higher order pulses are shown. Pulses pre-
serve high ¢ and similar spectral and time-domain characteris-
tics to lower-order pulses up to the pulse with index ten. This
does not hold for orthogonal linear-phase pulses designed with
the method from [5) and [7]. The exact ¢) achieved depending on
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Fig. 9. Time-domain properties of designed higher order orthogonal nonlinear phase pulses. (a) Pulse waveforms. (b) Correlation properties.
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Fig. 10. Spectra of designed orthogonal higher order nonlinear phase pulses. (a) Fifth, sixth, and seventh pulse. (b) Eight, ninth, and tenth pulse.

the waveform index, for different values of L and two methods

considered, is shown in Fig. 11. Since v for the method from (5] 08
and (7] decreases very quickly with the increase of the wave- 07t
form index, only the first three designed waveforms are shown.
06

B. Robust Orthogonal Pulses Design Examples 05

For the design of pulses that have orthogonality that is ro- > 04
bust to pulse-shape distortions, we used the same system as in " Non_“m; ohase waveforms
Section IV-A with L = 31. As b(t), we used the Gaussian pulse 03} —e— Linear phase waveforms
which is integral of the Gaussian Monocycle, used before as -
g(t). This is founded upon a well-known first approximation 02
of UWB antenna—as a differentiator in transmission and inte- oLk
grator in reception. a,,(t) is also modeled as a Gaussian curve: )
0., (t) = exp(—2t2/72), where 7,, = 100 ps. o

In Fig. 12(a), it can be observed that the energy of the pulses’ 0 3 ]
crosscorrelation function is moved from the area that has a value Waveform index
Of”ﬂ(t) that is significantly larger than zero. For a larger «, this Fig. 1. Achieved ¢ by designed orthogonal nonlinear and linear phase wave-

is even more pronounced. However, as Fig. 12(b) shows, with  forms for different L.



