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SUMMARY A 10-Gbit/s-class ac-coupled average-detection-type
burst-mode receiver (B-Rx) with an ultra fast response and a high tolerance
to the long consecutive identical digits has been developed. Key features
of the circuit design are the baseline-wander common-mode rejection tech-
nique and the inverted distortion technique adopted in the limiting amplifier
to cope with both the fast response and the high tolerance. Our B-Rx with
newly developed limiting amplifier IC achieved a settling time of less than
150 ns, a sensitivity of —29.8 dBm, and a dynamic range of 23.8 dB with a
231 _ 1 pseudo random bit sequences. Moreover, we also describe several
potential B-Rx applications. We achieved better performance by applying
the proposed systems to our B-Rx.
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1. Introduction

Data traffic for broadband access networks providing large
capacity content has been increasing exponentially over re-
cent decades. Passive optical network (PON) systems have
made it possible to realize economical fiber-to-the-home
services. In PON systems, as shown in Fig. 1, several optical
network units (ONUs) share one optical line terminal (OLT)
through an optical fiber and a 1 : N optical splitter. An
OLT broadcasts downstream data in a continuous mode. In
contrast, upstream traffic is managed by using time division
multiple access (TDMA) technology according to the grant
signals from the OLT to avoid any overlap between burst
data in the primary fiber. These burst-mode data have var-
ious optical power levels because of the different distances
between the ONUs and the OLT, and arbitrary phase to each
ONU.

Recently, the standardization of 10G-EPON and NG-
PON systems has been actively discussed with a view to re-
alizing PON systems offering even higher speeds [1]-[3].
These 10-Gbit/s class PON systems may provide various
services such as IP-TV, Video on Demand (VOD), and pro-
mote an increase in the number of HD-TV-equipped homes,
and wireless mobile backhaul. The most significant techni-
cal issue as regards 10G-bit/s class PON systems is the es-
tablishment of a 10-Gbit/s-class burst-mode transmitter (B-
Tx) [4],[5] and a burst-mode receiver (B-Rx) [6]-[9]. In
particular, the B-Rx should have a faster response to im-
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Fig.1 PON system and data format.

prove the upstream transmission efficiency, and a higher tol-
erance to long consecutive identical digits (CID) to guaran-
tee error-free operation. The B-Rx has two circuit designs,
namely the dc- and the ac-coupled B-Rx. The next section
provides a detailed comparison of these circuits. We focused
on an ac-coupled B-Rx as a cost-effective solution offering
higher interoperability with a simple interface. However, an
ac-coupled B-Rx is characterized by a trade off between a
shorter ac-coupling time-constant or an increase in the aver-
age detector (AD) speed and the tolerance of CID. To over-
come this problem, we have proposed the baseline-wander
common-mode rejection (BLW-CMR) technique and the in-
verted distortion technique to cancel out the effect of ac-
coupling and to shorten the AD time constant.

In this work, we newly design the AD time constant of
our B-Rx based on the ac-coupled configuration, and eval-
uate its receiver performance. Moreover, we suggest sev-
eral B-Rx applications for optical access networks. First we
describe a dual-rate PON system application that can pro-
vide existing services and 10-Gbit/s class services on the
same optical distribution network. Second, we attempt to
extend transmission with a PON system to over 20 km with-
out using an optical amplifier, thus showing that this B-Rx
is highly suitable for all types of networks.

2. Circuit Design
2.1 Data Format and Design Concept of the B-Rx

Generally speaking, there are three types of signal format

Copyright © 2011 The Institute of Electronics, Information and Communication Engineers
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in digital communication systems as shown in Fig. 2. Fig-
ure 2(a) shows the continuous mode data. This data format
is applied to downstream data in PON systems. Figs.2(b)
and (c) show the burst mode data. Figure 2(b), which we
call “isolated pattern”, assumes low traffic. The response
time of the B-Rx from a discharged state to a charged state
is evaluated with this pattern. In Fig.2(c), which we call
“fulfilled pattern” with alternate power (maximum and min-
imum power with dynamic range), the signal amplitude may
vary from packet to packet. The response time of the B-Rx
from a maximum power burst to a minimum power burst is
evaluated with this pattern. These patterns are used prop-
erly according to what has become one of the worst-case
response time depending on the B-Rx design architecture.

The basic components of the optical receiver are a pho-
todiode (PD), a trans-impedance amplifier (TIA) and a lim-
iting amplifier (LA) as shown Fig. 3(a). When the average
optical power of the input signal changes instantaneously,
the degradation factors of the receiver response time are re-
sponse speeds of the coupling interface and the control cir-
cuits, as the automatic gain control (AGC) and the automatic
offset compensation (AOC) circuits. First, the optimal ar-
rangement of these circuits in each amplifier should be con-
sidered.
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In the continuous-mode optical receiver, the ac-
coupling is usually used to connect different dc level of the
receiver components and to save the power dissipation. The
coupling capacitance depends on the length of the CID in
the non-return-to-zero data format. If the signal includes
long CIDs, the time constant of the ac-coupling differential
interface becomes very long and the response speed is sig-
nificantly degraded. To overcome this problem, dc-coupling
has been used for B-Rx. Figure 3(b) shows the conventional
dc-coupled B-Rx. When the SiGe ICs are adopted for the
10-Gbit/s-class optical receiver, the bias voltages of the ICs
are usually positive. If a dc-coupled differential (positive
logic) interface as shown in Fig.3(b) is adopted, the bias
voltages of the ICs must be the same. Consequently, the
bias voltage of the TIA adjusts to that of LA and a linear dy-
namic range narrows. So, the AGC function is necessary for
the TIA to ensure the sufficient dynamic range. The merit
of employing AGC in TIA is to achieve the high speed re-
sponse of the AOC in LA, because the input dynamic range
of the LA can be narrow. Then, the response speed of this
circuit depends only on the control circuits (AGC and AOC)
in TIA. To shorten the response time, a peak-detect-and-
hold circuit is adopted for dc-coupled B-Rx [10]. However,
the optimal reset timing for the hold circuit depends on the
turn-on characteristics of the B-Tx in each ONU, and this
makes it difficult to guarantee the interoperability of the sys-
tem. Moreover, this circuit design complicates because the
threshold detection of the AOC must execute after the AGC
operation in the TIA. Therefore, the response time of this B-
Rx should be measured by the “isolated pattern” as shown in
Fig. 2(b) with the strong burst signal whose power exceeds
the threshold of the AGC.

Now let’s change our mind and assume that the re-
sponse speed of the ac-coupling interface can be sufficiently
high, the bias voltage of the TIA can be set independently
and the AGC can be omitted. Then, the response speed of
B-Rx becomes just a response speed of the AOC circuits. In
the ac-coupled B-Rx, the average detectors (ADs) are used
as the threshold detector of the AOC as shown in Fig. 3(c)
[11], [12]. They can continuously detect the threshold level
without a reset signal and guarantee the interoperability. The
response time of the AOC becomes time constant of the AD
when the data format like the “isolated pattern” is input.
However, the response time may be degraded when the data
format like the “fulfilled pattern” is input according to the
ratio of the maximum-power and the minimum-power burst
signals. So, the worst-case response time of the ac-coupled
one should be measured by the burst data format of the “ful-
filled pattern”.

Table 1 summarizes the differences between two types
of B-Rx. The design concept of the dc-coupled B-Rx is
based on the exclusion of the capacitive elements to elim-
inate transient phenomena. Therefore, the dc-coupled B-Rx
can respond quickly, but it loses flexibility as regards the
turn-on characteristics of the B-Tx, a simple interface, and
a yield of fabrication. The design concept of the ac-coupled
B-Rx is based on continuous mode Rxs that can obtain flex-
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Table1  Comparison of conventional B-Rxs.

Receiver type Dc-coupled B-Rx Ac-coupled B-Rx

Signal coupling dc-couple ac-couple

Threshold detection |Peak detect and hold type| Average detect type

Receiver settling time ns Mid or Late sub-pus
Reset signal . ;
(Interoperability) Required Not required
Fabrication yield Low High

Measured patterns “Isolated pattern” “Fulfilled pattern”

APD

Average detector (AD)
|

TIA LA

Fig.4  Schematic diagram of our ac-coupled B-Rx.

ibility, simplicity and a high yield, but the response speed
is slow compared with dc-coupled one because of the slow
response of the ac-coupling interface and the average de-
tectors of the AOCs. To overcome this problem, we have
proposed a new design concept for the B-Rx based on ac-
coupled architecture [13].

2.2 Configuration of Our B-Rx

Our design concept is based on the cancellation of the tran-
sient phenomena caused by the capacitive element that is
put between TIA IC and LA IC by using counter phenom-
ena. We proposed two design techniques, namely, the BLW-
CMR technique and the inverted distortion technique. Our
B-Rx is composed of an avalanche photodiode (APD) to ob-
tain higher sensitivity, a single-ended TIA without an AGC
function to eliminate the complexity of the circuit, two stage
LAs (LAl and LA2), and two ADs (AD1 and AD2) as
shown in Fig. 4.

We describe the operation of our B-Rx using a time
chart as shown in Fig.5. The output voltage of the TIA is
coupled with capacitors and branches to the differential in-
put of LA1. Since ADI is designed with a relatively small
time constant, it operates instantaneously, and continuously
detects the averages (threshold voltages: Vj4;) of the sig-
nal as shown in Fig.5(a). Then, Vy; follows the baseline-
wander of the signal and it is cancelled by the common-
mode rejection of LA1. This means that the response speed
of this receiver depends solely on the time constant of the
ADs. However, V,; tends toward a high or low level for
a long CID, which leads to duty-cycle distortion after the
CIDs. LA2 and AD2 compensate for this distortion. The
output voltage of AD2, namely V4, is almost the same as
Va1, but the input signal of LA2, V5, is inverted as shown
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Fig.5  Operating principle of ac-coupled B-Rx with BLW-CMR and in-
verted distortion techniques. (a) Input signal of LA1, (b) input signal of
LAZ2, (c) output signal of LA2.
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Fig.6  Simulated eye patterns of our LA and conventional LA.

in Fig. 5 (b). The result is inverted distortion, which recov-
ers the duty cycle as shown in Fig. 5(c). These techniques
enable us to obtain both a quick response and high CID tol-
erance.

2.3 Analysis by Simulation of Our LA

We first simulated our LA to confirm the effectiveness of
these techniques. In this simulation, we used the analog
behavioral model on the HSPICE. The signal patterns con-
sisted of an alternating “0” and “1” pattern as a preamble,
and the payload data with a 2!° — 1 pseudo random bit se-
quences (PRBS) that included 64- or 128-bit CIDs to evalu-
ate a CID tolerance.

We evaluated the jitter peak-to-peak (J,_p) when the
cut-off frequency (f;) of the ADs was varied between 5 and
20 MHz. Figure 6 shows simulated eye patterns of our LA
compared with that of a conventional LA consisting solely
of ADI and LALI. For a conventional LA, J,_, deteriorated
because duty cycle distortion was induced by long CIDs ac-
cording to the increase in f;. On the other hand, we could
confirm that the J,_, of our LA became very low even if the
f. increased. This result means that we achieved both the
fast response and the high CID tolerance.
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3. Experimental Results
3.1 Evaluation of Burst-Mode LA

The AD time constant is the key parameter to decide the
response time and the CID tolerance. To clarify the op-
timum f; of the ADs using an empirical approach, we
assembled our LA IC boards with various f; values (5,
10, and 20 MHz) for the ADs, and measured the electrical
BER performance and the jitter degradation against each
f,. Here, we used the electrical strong/weak burst data
such as “fulfilled pattern” by the above-mentioned reason.
Figure 7 shows an input burst signal pattern for evaluating
the BER performance at a bit rate of 10.3 Gbit/s. Here,
we used a 700mV,, electrical signal as the strong burst
signal in consideration of the maximum TIA output. This
pattern consisted of a preamble length of 800 ns applied to
the burst mode synchronization pattern of the standardized
IEEE 802.3 av (0x BF 40 18 E5 C5 49 BB 59), and a payload
length of 1280 ns with a 23! — 1 PRBS [1]. The guard time
was set at the 25.6ns. The input voltage of the measured
burst signal was varied between 10 and 150 mV,, namely,
from —40 to —15dBV. In addition, we defined the actual
consumed preamble bits as the settling time of this LA IC.

Figures 8(a), (b), and (c) show the BER performance
against each f;; at preamble lengths of 800, 400, 200, 100,
and 50 ns. The BER performance strongly depended on the
preamble length because of the long AD time constant when
f,) was 5 MHz as shown in Fig. 8(a). This means that the re-
sponse speed is too slow because of longer time constant
of ADs. In contrast, for the f,; of 20 MHz in Fig. 8(c), the
preamble length was almost independent of the BER per-
formance because the AD time constant was short. How-
ever, the BER performance at 20 MHz had deteriorated com-
pared with that at 10 MHz, for instance at an input voltage of
—33dBV as shown by the circles in Figs. 8(b) and (c). This
means that the reference voltage wandering was caused by
the long CID, because the time constant of 20 MHz was too
short.

After that, we measured J,_, against f; for each in-
put voltage (25, 30, 200, and 700mVp,). We used an input
signal that included a 256-bit long CID in the payload data
2311 PRBS withaJ,_, of 0.13 Ul to evaluate the CID toler-
ance. Figure 9 shows the J,,_, of the first bit after the 256-bit

Guard time: 25.6 ns
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700.mV,, § ] Guard time: 1024 ns
Preamble 22818 Vanlable _' v
. Preamble [ PRBS 237-1__|
' 800 ns 2080 ns 290:5 nsBER measuremen‘tos'5 ns
Strong burst signal ——/| Measured burst signal ——]

Repetition

Fig.7  Burst-signal pattern for electrical BER performance.
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CID. The J,_, value for f values of 5, 10, and 20 MHz at an
input voltage of 200 mV, were 0.188, 0.177, and 0.195 UI,
respectively. These J,_, values were sufficiently low com-
pared with the 0.393 UI added at TPS in IEEE 802.3 av [14].
We confirmed that the J,,_, at 20 MHz was degraded more by
the long CID than those at 5 and 10 MHz. In contrast, the
Jo—p with an f; of 10MHz was the lowest in this experi-
ment. So, we decided that the optimal f,; for our LA IC was
10 MHz from the results shown in Figs. 8 and 9.

3.2 Optical Receiver Performance

Our B-Rx was composed of a commercial APD, a TIA, and
our proposed LA. We fabricated our LA IC using a 0.18 um
SiGe BiCMOS process. The package size was 4 X 4 mm?.
The power consumption was 0.15 W at +3.3 V for the bipo-
lar circuit. The shunt capacitors of the AD are oft-chip com-
ponents to optimize the CID tolerance.

Figure 10 shows the experimental setup to confirm the
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7 103 M :200ns T 10° M :200ns
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Fig.8 Electrical BER performance against f; at preamble length 50,
100, 200, 400, 800 ns. (a) 5 MHz, (b) 10 MHz, (c) 20 MHz.
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Fig.10  Experimental setup. Inset: Waveforms for input optical signal,
and output signal from our B-Rx.
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Fig.11  (a): BER performance of our B-Rx. (b): Settling time of B-Rx.

BER performance and the settling times of our B-Rx. The
B-Txs (Tx #1 and Tx #2) output 10.3-Gbit/s optical burst
signals with extinction ratios of 6 dB including the 23! — 1
PRBS data [5]. These signals were input into a B-Rx con-
sisting of a commercial APD-TIA and our LA whose f.; was
set at 10 MHz. The burst pattern was used to “fulfilled pat-
tern” that is including the strong burst signal output from Tx
#2 with an optical power of —6 dBm which is the maximum
input power of IEEE 802.3 av.

Figure 11(a) shows the BER performance. Here, we
also evaluated the BER characteristic of commercially avail-
able continuous mode Rx against the burst-mode data of
“fulfilled pattern”. The receiver sensitivity for continuous
mode Rx was about —10dBm when the BER was equal
to 1 x 107 on assumption of the forward error correc-
tion (FEC). In contrast, the receiver sensitivity of our B-Rx
was —29.8dBm at a BER of 1073, The dynamic range of
this B-Rx was 23.8 dB. The power penalty was only 0.2 dB
between the continuous and burst mode data. Moreover,
we estimated the minimum settling time of this receiver.
We defined the actual consumed preamble bits as the set-
tling time, and measured the minimum value under an ideal
receiver sensitivity of —28 dBm standardized for PR30 of
IEEE 802.3 av [1]. We confirmed that the receiver sensi-
tivities for preamble lengths of 800, 400, 250, and 150 ns
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achieved IEEE PR30 (—28 dBm). Figure 11(b) shows an ex-
perimental result for the preamble length versus BER char-
acteristics at an optical power of —28 dBm. This result in-
dicates that the response time achieved 150ns. This value
is about one fifth that stipulated by the IEEE 802.3 av stan-
dardization.

4. Application of Burst-Mode Receiver

In this section, we describe several applications for B-Rxs
in optical access networks.
(1): Dual-rate PON system

This system can provide existing and 10-Gbit/s class
services on the same optical distribution network.
(2): Over 20 km transmission

Figure 11(a) shows that our B-Rx can secure a margin
of 1.8dB at a BER of 1073 to meet the requirement of IEEE
802.3 av. We attempt to expand the PON system and achieve
over 20 km transmission using this advantage.

4.1 Dual-Rate PON Systems

With a view to achieving smooth migration from 1G to 10G
PON systems, it is desirable to realize a system in which
they coexist. Such a system could provide existing services
and new high bit rate services on the same optical distribu-
tion network, and so the capital expenditure needed to cover
the cost of the fiber and the equipment for new services
could be reduced. Therefore, the realization of coexisting
systems is a major topic for discussion.

There are two kinds of dual rate PON systems. One
is a coexisting system of the G- and NG-PON. This system
can use a B-Rx corresponding to each bit rate by employing
wavelength division multiplexing (WDM) technology being
discussed at the Full Service Access Network (FSAN). The
other is the 1G- and 10G-EPON system. These coexisting
systems employ TDMA in the uplink because of the wave-
lengths of the overlap of 1G and 10G as shown in Fig. 12
[11,[15]. Therefore, a dual rate B-Rx for coexisting 1G-
and 10G-EPON systems must be able to handle upstream
traffic with significantly different optical powers, arbitrary
phases, and dual bit rates. We have developed a dual rate
B-Rx based on the above mentioned architecture.

Our dual-rate B-Rx is composed of an APD, a TIA, a
1G-LA, a 10G-LA, and two gate circuit (GCs) to eliminate
the frequency instability of the CDR as shown in Fig. 13(a).
Figure 13(b) shows waveforms input/output from a dual-
rate B-Rx as shown in Fig. 13(a). “A” shows a mixed 1G-
and 10G optical waveform. “B” shows the output wave-
form from the 10G-LA. “C” shows the external rate select
signal to control the GCs. “D” shows the output waveform
from the “10G output port” of the GC. “E” shows the output
waveform from the “1G output port” of the GC. Here, each
GC outputs a signal only when the rate select signal from
the MAC-LSI is “HI”. So, mixed 1G- and 10G-burst signals
are separated only into “1G-signals” and “10G-signals”.

Then, we evaluated the BER characteristics of this re-
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Fig.13  (a): Configuration of dual-rate B-Rx. (b): Measured waveform.

ceiver. To obtain this result, we used mixed strong/weak 1G-
and 10G-signals to evaluate the effect of an input signal with
different bit-rate. The burst-mode transmitters output 10.3-
and 1.25-Gbit/s optical burst signals with extinction ratios
of 6 dB including 23! — 1 and 27 — 1 PRBS data, respectively.
The optical powers of the signals were adjusted by using
VOA, and the signals were input into our dual rate B-Rx as
well as Sect. 3.3. Here the optical signal output from one of
the burst-mode transmitter was an interference burst signal
with an optical power of —6dBm. The burst pattern had a
preamble length of 800 ns, a payload length of 1280 ns, and
a guard time of 25.6 ns. Figure 14 shows the BER charac-
teristics of burst-mode signals at 10.3 and 1.25 Gbit/s output
from the GCs. For the 1.25 Gbit/s signal, we achieved a re-
ceiver sensitivity of —29.3 dBm, an input overload of more
than —5 dBm at a BER of 107!2, and a dynamic range of over
24 .3 dB. For the 10.3-Gbit/s signal, we realized a sensitivity
of —29.5dBm, an input overload of —5dBm at a BER of
1073, and a dynamic range of 24.5 dB. These values satis-
fied the IEEE 802.3 ah and av standardization requirements.
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Fig.15  Experimental setup over 20 km uplink transmission.

4.2  Over 20km Transmission

Improving the long reach of access systems will become
increasingly important if we are to offer PON-based ser-
vices to long-distance customers more effectively. To sat-
isfy this requirement, long-reach PON systems using opti-
cal amplifiers are now being actively investigated [16], [17].
However, the electric power supply and the development of
burst-mode optical amplifier are critical problems to achieve
expansion of budget in PON systems. To this end, we at-
tempted to expand the PON system to achieve transmission
of over 20 km using this B-Rx without an optical amplifier.
Figure 15 shows the experimental setup we used for an
uplink transmission of over 20km. To emulate the worst
case cited in the IEEE 802.3 av standardization, the trans-
mission optical power from ONU #1, which is the farthest
ONU with the minimum average launch power, was set
at +4dBm, and that from ONU #2, which is the nearest
ONU with the maximum average launch power, was set at
+9dBm. An optical coupler with 32 branches was located
between ONUs and OLT. We defined loss A as the trans-
mission loss between ONU #1 and the optical coupler. On
the other hand, the loss B, which we defined as the trans-
mission loss between ONU #2 and the optical coupler, was
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Table 2 Actual values of transmission loss, optical power at B-Rx, and
dynamic range.

Transmission Loss A [dB] Total loss [dB] Optical power D-range [dB]

distance [km] (A splitloss) at B-Rx [dBm]
0 0 16.8 -12.8 6.8
10 3.96 20.76 -16.76 10.76
20 6.86 23.66 -19.66 13.66

30 10.82 27.62 -23.62 17.62
40 13.77 30.57 -26.57 20.57

50 17.73 341 -30.1 241
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Fig.16  (a): BER performance for 20 and 40 km transmission. (b):
Distance from splitter to ONU versus BER.

almost 0 dB. Table 2 shows the actual values of the transmis-
sion loss, the optical power at B-Rx, and the dynamic range.
Here, the optical input power to a B-Rx of ONU #2 (near-
est ONU) was adjusted to become —6 dBm in consideration
of the excess loss of the optical coupler. For a 40 km trans-
mission, loss A, input optical power, and dynamic range be-
tween ONU #1 and ONU #2 were 13.77dB, —26.57 dBm,
and 20.57 dB, respectively. In addition, the burst pattern
and the guard time were set up on the same condition as
Sect. 3.3.

Figure 16(a) shows the BER characteristics for each
transmission distance. The closed circles, triangles, and
squares correspond to transmission distances of 0, 20 and
40 km, respectively. From the results of Fig. 11(a) and Ta-
ble 2, the BER of the 50 km transmission exceeded the FEC
limit (BER = 1 x 1073). The power penalty for transmission
between 0 and 40km transmissions was only 0.4 dB. Fig-
ure 16(b) shows an experimental result for the transmission
distance versus BER characteristic. 40 km PON systems can
be achieved by using our B-Rx with FEC.

5. Conclusion

An average-detection-type B-Rx was demonstrated based
on ac-coupled architecture for 10-Gbit/s class PON systems
by using BLW-CMR and inverted distortion techniques.
Our B-Rx can realize a high sensitivity, a wide dynamic
range, and an instantaneous response with a high CID tol-
erance. In experiments, we achieved receiver sensitivities
of —29.8dBm at a BER of 1073 with a strong/weak burst
data. The settling time of our B-Rx was less than 150 ns.
This is the fastest value for any reported ac-coupled average-
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detection type burst-mode receiver at a 2°' — 1 PRBS.

Moreover, we also described several potential appli-
cations of the B-Rx, namely, a dual rate PON system and
a transmission experiment of over 20km. When we em-
ployed our B-Rx, the proposed systems achieved better per-
formance. This circuit design and these results will con-
tribute to the realization of more flexible future broadband
optical access networks.
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