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1.0 Introduction 

The Air Force Research Laboratory/Sensors Directorate (AFRL/SNDP), Binoptics Corp., and 
Infotonics Technology Center worked collaboratively to characterize and eventually package 
diode based, diamond-shaped cavity, ring lasers that operate at 1550 nm. The laser modes 
propagate bi-directionally; however, uniaxial propagation was induced by optical injection from 
a tunable diode laser. When the input signal was time-encoded with an optical modulator, the 
encoding was transferred to both modes with an inverted time-intensity profile.  

Initial investigations using diamond-shaped ring lasers occurred while SNDP researched 
photonic analog-to-digital conversion (ADC) techniques(1).  In military systems ADCs are an 
essential link between analog sensor systems such as RADAR, Electronic Warfare (EW), Signal 
Intelligence (SIGINT) and high-speed digital signal processing systems providing global 
awareness.  Military utilization of high performance ADC technology is quite diverse, spanning 
a wide range of sample rates and bit resolution values.  Commercial users benefit from high 
speed ADCs in the areas of high speed test equipment, medical imaging applications, 
telecommunications, and many more.  Improvements in dynamic range, accuracy, stability, and 
resolution of any ADC will enhance the performance in commercial and military applications.  
Collaborative work with Binoptics opened the door for a potentially new high speed ADC 
architecture.   

Additional applications become apparent:  

1. The four-port laser ring offers use as an indirect modulator, directional router, and optical 
logic devices. The configuration transfers optical digitally encoded signals injected from 
an optical modulator to the four output ports.  Each optical output retains the encoding 
with either positive or negative logic, which can be used for conventional digital signal 
processing or routing.  

2. Secondly, the two counter-propagating laser modes provide a direct means for realizing 
the Sagnac effect, which has been well established in gyro technology with gas and fiber 
lasers. The ring lasers described here offer an ultra compact geometry for potential laser 
gyro and inertial sensor applications.   

3. Another application is the extraction of weak signals from the noise floor. With stochastic 
resonance the addition of random noise to the spontaneous emission noise can 
significantly improve the signal-to-noise level of an externally modulated bi-stable 
nonlinear system relative to one with no injected noise. A ring laser port allows an all-
optical approach to this, in contrast with prior ones(2) that were constrained to manipulate 
the electrical drive power.  

These devices are scaleable and monolithically integrable with many semi-conductor based 
components including optical amplifiers, photodiodes, and electro-absorption modulators 
(EAMs).  
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The organization of this report begins with explanation of the semiconductor ring laser behavior 
in Chapter 2. Chapter 3 includes a discussion of proposed architectures in which diamond-shaped 
ring lasers may improve ADC performance.Chapter 4 presents experimental results for ring laser 
devices in continuous wave and pulsed formats ranging from 200 Hz to those exceeding 12 GHz. 
Characterization in terms of fidelity and extinction ratio, initially performed on device die, was 
later compared to the performance of fully packaged devices. A theoretical rate equation model 
is proposed in Chapter 5 to account for key aspects of the injected laser’s behavior.   
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2.0 Semiconductor Ring Laser Behavior 

Binoptics Corporation has demonstrated a new diamond shaped cavity configuration for 
semiconductor ring lasers that operate in the low loss fiber window near 1550 nm. Their novel 
etched facet technology allows facets to be defined through high precision photolithography, 
rather than traditional cleaving, offering flexibility and reproducibility in monolithic integration 
capability(3). Depicted in Figure 1, the laser modes propagate bi-directionally, but the extent of 
uniaxial propagation can be influenced by implementing a mirror external to the cavity to 
suppress one of the modes or by laser injection at the ring’s resonance. When light is injected in 
a particular fashion, the bidirectional ring laser is forced to propagate, or becomes a “slave” to 
injected light, in that direction.  

Figure 1. Diamond shaped ring laser operates bidirectionally and unidirectionally. 

The unidirectional slave diamond ring can be thought of as a type of an inverter because when a 
beam is injected in the opposite direction with the proper optical conditions, the output will 
switch directions. This process happens extremely fast because carrier relaxation dynamics do 
not seem to come into play, as will be discussed further in Chapters 4 and 5. The diamond laser 
also becomes an inverter when configured with an external mirror. For example in Figure 2, the 
external facet is positioned to provide just enough feedback to cause the ring to operate in the 
clockwise (CW) state. Once light is introduced, it will cause the laser to switch from CW to 
counter-clockwise (CCW) operation. The laser returns to the CW state as soon as the injection 
light is extinguished. Figure 2 illustrates this and shows the truth table. The mirror forces the 
direction to be in the CW state allowing an output shown in the top. If a light beam is injected, 
indicated by the blue arrow, the rotation would switch to CCW rotation and there would be no 
output.     

The focus of research reported here does not incorporate an external mirror, but it does 
investigate characteristics and applications of the switching behavior based on injection locking. 

 

 

MirrorMirror
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Figure 2. Ring laser operating as an optical inverter. 
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3.0 ADC Architectures 

3.1 Flash ADC Using Binoptics’ Devices 

Photonic ADC architectures and the electronic versions face some of the same problems, such as 
size, complexity, weight and cost. Photonic architectures, though still in early stages, hold 
promise if the right components can be developed. In fact, Binoptics’ integrated ring lasers, 
modulators, detectors and optical logic gates may prove to be critical to such a system.   

Parallel flash converters are most appropriate for very high speed applications; however, they are 
typically limited to resolutions of 8-10 bits. A flash architecture, whether it is photonic or 
electronic, requires the input signal to be compared to a reference level in each of the 2n-1 
channels, and a block diagram is shown in Figure 3. This exponential complexity can place tight 
constraints on size, power and cost. Most importantly, the large number of channels requires 
small differences between reference levels, so this tolerance becomes the limiting factor in 
achieving high bit resolution. As a result, electronic flash ADCs traditionally are limited to 
applications requiring less than 8 bits with 10 bits on the “cutting edge”. In addition 
implementing electronic flash ADCs at speeds greater than 1 GHz becomes difficult because 
high speed comparators are also a limiting factor due to the amount of time needed to sample the 
signal and reset the capacitor.  

Figure 3. Electronic flash ADC circuit. 

An understanding of the operation of Binoptics’ devices and electronic flash architectures, 
therefore, motivates the investigation of a photonic flash ADC version architecture incorporating 
diamond ring lasers. Figure 4 illustrates such a flash design with ring lasers. Note that Figure 4 
only depicts the quantization block, so in effect the RF waveform has been optically sampled 
using a separate mode-locked laser and an electro-optic modulator to create a modulated optical 
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pulse train. It should be noted also that in the example, each ring laser output is incident on a 
detector when operating in a CW direction, and also each laser is biased at 2n-1 voltage levels 
which corresponds to 2n -1 laser powers, where n is the number of bits. The incoming modulated 
pulses are split 2n -1 times and each split pulse is injected into a preset biased ring laser. 

Figure 4. Flash architecture using diamond ring lasers with integrated external mirrors. 

For example, if a 2 mW pulse is split equally 15 times, corresponding to a 4 bit architecture, then 
133 μW would be incident on each ring laser.  Each laser is biased so that there are equal 
intervals of output power, so for instance, if the minimum channel was at 100 μW and each 
channel increased with incremental power steps so that the maximum channel was powered at 1 
mW, then each interval would be separated by ~ 66.67 μW.  When the 133 μW pulse is injected 
into each laser, a threshold effect occurs if this exceeds the power level at which the laser was 
operating, making the propagation direction change to the CCW direction. The detector that 
“sees” the CW light then turns off, indicating a binary “1”.  This is illustrated by the bottom 
channel in Figure 4. After this pulse passes, the ring laser reverts back to the original CW 
direction and waits for the next pulse to arrive.  
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A preliminary analysis was performed to examine some of the constraints of this system.  The 
assumptions made included a sampling frequency of 10 GHz with FWHM pulse width of 12 ps, 
a wavelength of 1550 nm, and a minimum bias set for first ring laser to provide 10 μW of output 
optical power with 5 μW increasing increments for each consecutive ring laser. The injected 
input power must be greater than the ring laser’s operating power in order to switch the laser 
propagation direction, and a laser output of 10 μW is still well above the dark current of 
commercial detectors. Table 1 shows power levels needed for various bits in the flash 
architecture described. 

Table 1. Power requirements needed for a ring laser based flash architecture. 

 

Assuming 10 μW for the inverter threshold of the least significant channel and a channel-to-
channel increment of 5 μW, the input power needed to the splitter is 39.2 mW for 8 bits and 629 
mW for 10 bits.  For 10 bits and greater, amplification becomes necessary.  

InPlane Photonics Inc. manufactures integrated waveguide amplifiers that may be suitable in 
flash architectures requiring more than 8 bits. A 1x128 integrated waveguide splitter has already 
been commercially demonstrated by NTT Inc., and a 1x255 and 1x1023 integrated waveguide 
splitter is within the range of scalable projections by InPlane.  

Achieving a 10 GHz photonic ADC appears realistic with most of the key components in a 
photonic architecture. Commercial high repetition rate, low noise lasers currently operate at 10 
GHz and commercial E-O modulators provide 40 GHz operation. Commercial detectors have 
advanced to 60 GHz rates, which leaves the quantizer to be the limiting component. The question 
to investigate was, therefore, “Can the ring lasers switch rotational direction and be stable at 10 
GHz speeds?” Results described later show that this, in fact, holds true.  

The benefit of this photonic flash architecture is that it significantly exceeds the speed at which 
electronic flash architectures currently operate. The closest commercial high speed ADC (by 
Atmel Grenoble), offered a 2 Gb/s sampling speed with 10 bits of resolution at the time of 
writing this document. With this suggested photonic approach, there are no electronics needed to 

# of Bits 
       n 

# of Channels 
 N=(2n-1) 

Injected  Laser Power Required to 
Switch the Most Significant 
Channel (mW) 
        Pm=(N-1)*5μW+10μW 

Avg. Input Power to 
Splitter Needed (mW)
 
 

4 15 0.080 0.148 

6 63 0.320 2.43 

8 255 1.280 39.2 

10 1023 5.120 629 
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implement a ladder, or thermometer, code of comparators. Comparators will be needed to 
compare the voltage arriving from the detector, but in this case they will all be set at the same 
reference voltage. The ring lasers essentially perform the differential comparison of amplitude 
levels, thereby, significantly reducing the complexity of the electronics needed.  

3.2 Successive Approximation 

The discussion now focuses on a slower, but higher resolution converter, namely, the successive 
approximation architecture. These are used primarily where an input signal is continuously 
varying at high speed or where a succession of inputs is multiplexed at high speed into the A/D 
converter. This converter requires n steps for encoding to an n-bit binary value, and therefore, 
requires only half the number of channels of a parallel flash architecture.  

The input voltage is fed to one input of the comparator, while the output of the internal D/A 
converter goes to the other input. Each bit line in the D/A converter corresponds to a bit position 
in the output register. Figure 5 depicts this architecture.  The most significant bit (MSB) output is 
equivalent to ½ the converter’s full-scale voltage range. The conversion consists of starting with 
the most significant bit and successively trying a “1” in each bit of a D/A decoder. If the input 
signal is larger than the MSB, a logic “1” is inserted in the MSB position in the output register. If 
the input is less than the MSB, then a logic “0” is inserted. The circuit then tries the next bit in 
the circuit. Again if the analog input is larger, a “1” remains for that bit. The procedure continues 
through to the least significant bit (LSB). At the end of the process, after the LSB has been tried, 
the binary number in the decoder is the digital equivalent of the analog voltage. The digital 
output can be taken serially or in parallel fashion.  

Figure 5. Successive Approximation Architecture. 

 

 

D/A Decoder Programmer

Comparator

Ref
V

Vin

Parrallel
Digital
Word

Serial
Digital
Word  



 9

For example for 6 bits, Figure 6 demonstrates how a digitally generated voltage converges on the 
analog input level, assuming a full scale voltage level of 10 V and an incoming analog voltage of 
3 V. 

Figure 6. Operation of a 6-bit successive approximation A/D converter for a full scale 
voltage of 10 V and an incoming analog voltage of 3 V. 

The conversion speed of a successive–approximation converter is based on the settling time of 
the MSB logic ladder network and comparator. This type of converter requires a total conversion 
time equal to the clock rate multiplied by the number of bits being converted. For a clock rate of 
10 GHz, a 12-bit converter would take 1.2 ns; each stage operates at the clock rate.  

What photonics potentially offers are clock rates of >10 GHz and photonic logic gates that offer 
faster “settling times”. Using the Binoptics’ diamond ring lasers in a successive approximation 
configuration, it seems feasible to achieve a 12-14 bit converter without the need for 
amplification at a clock rate of 10 GHz. Figure 7 illustrates the photonic system, again assuming 
the RF signal has already been sampled optically. 
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Figure 7. Photonic successive approximation using Binoptics’ ring lasers. 

In the example system depicted, each ring laser is preset to operate in a clockwise rotation and is 
assumed to have a maximum output power of 10 mW, in order to correspond to the voltages given in 
Figure 6. The laser current for the MSB is set at ½ its maximum output power level. If a pulse that 
enters the first ring laser, depicted by the blue arrow, exceeds the operating power of the ring laser, 
the laser will switch directions indicating a binary “1”, and the light will inject into the upper half of 
the full scale. If, as in this case, an optical pulse enters the first ring laser with less power (3 mW) 
than that of the ring laser, the rotational state remains the same and a binary “0” is given for the 
MSB. The light is injected into the lower ½ of the full scale and is compared against its ½ power 
level, 2.5 mW. Because these are integrated structures, it can be assumed that there are minimal 
losses upon exit and entry of successive devices. So the 3 mW input compared with 2.5 mW, gives a 
binary “1”, and the light progresses through the system yielding a digital output representation of the 
input analog signal.  
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During initial discussions with Binoptics, it was stated that their ring lasers could operate at up to 
multiple-tens of milliwatts.  Assuming those limitations on the ring laser power, a first level 
analysis was performed. Table 2 shows the results of the number of channels needed and power 
separation between each channel for 8-14 bits. Scenarios using a 10 mW full scale output power 
and a 60 mW full scale output power are also included.  

Table 2. Achievable bits using 10 mW and 60 mW full scale operating power. Also 
indicated are the adjacent power differentials for each case. 

 

At first glance, it seems that a major obstacle is in the LSB, since 14-bits require 8192 channels.  
Binoptics has so far demonstrated 1 x 8 laser arrays structures and sees no fundamental obstacles 
that preclude fabrication of much larger arrays, if high speed ADCs warranted such 
development. Isolation between laser channels also becomes a key issue. Binoptics precise 
fabrication technology has demonstrated isolation between elements on the order of MΩ, which 
is several orders of magnitude better than other vendors of similar integrated structures. More 
analysis needs to be performed with regards to system noise, but it is envisioned that a 
successive approximation approach could successfully provide 12-14 bits of resolution at 
sampling speeds as high as 10 Gs/s.  
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4.0 Experimental Results 

4.1 Ring Laser Die Testing 

Binoptics delivered seven ring lasers in chip format to AFRL/SNDP for investigation. 
Unfortunately, these devices were not mounted on cooling chips, which contributed to their 
performance initially not meeting the full potential suggested by Binoptics’ investigations(4). A 
top-view photograph of the die having four complete devices is shown in Figure 8.  

                        Figure 8. Photograph of devices (A1) received from Binoptics. 
 
Results reported by Binoptics4 were on individually addressable devices, whereas the lasers 
delivered were only addressable on one edge, shown by the left edge in the photograph. Figure 9 
shows a schematic of the laboratory setup. The lasers were addressed on the left side with lensed 
fibers, one to inject light and one to collect light for diagnostic purposes, such as monitoring the 
emitted wavelength with an optical spectrum analyzer (OSA). A Keithly source, Model 228A, 
delivered the drive current to power the ring laser throughout most of the experiments discussed 
here. Light was injected in path A, unless otherwise noted, using a New Focus tunable laser, 
model 6300 Velocity. Light exited the biased cavity bidirectionally and was scattered off the 
devices sitting on the right side. Free space optics collected the scattered light and focused it onto 
two detectors (the type depended on the bandwidth needed at the time), and the signal was 
observed with a Tektronix oscilloscope (channel 2 green and channel 3 orange). The blue trace 
indicated the trigger signal sent by an HP 3312A function generator, which was in phase with the 
optical light being injected imposed upon using a JDSU Mach-Zehnder (MZ) modulator. The 
output was amplified using an erbium-doped fiber amplifier (EDFA) and sent through an 
Eigenlight, an in-line fiber power meter. This power meter had a dialable attenuator allowing the 
injected light power to be controlled and varied from +4.2 dBm to -20 dBm, corresponding to 2.1 
mW to 10 μW, respectively. 
 
Testing involved ring bias current vs. output power, gain quenching vs. bias current, gain 
quenching vs. injected light power level, and low frequency encoded injection examinations 
ranging from 200 Hz-7 MHz. Injected light power levels ranged from 3 μW to 1.5 mW. 
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Figure 9. Experimental setup. 
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Figure 10 maps the current vs. power plots for the operating ring lasers. The current level for one 
of the exiting beams in Device 2, L=540 um, turned over at approximately 110 mA. This is 
suspected to be due to the lack of chip cooling so that heating of the cavity started to quench 
lasing in that direction.  
 

 
Figure 10. Output power performance of chip A1 devices. 
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4.1.1 Injection Wavelength Investigation 
 

These are Fabry-Perot type devices and generate multiple wavelengths. If the cavity is not 
perfect, the main resonance peak may have some competition. Figure 11 shows output spectrum 
with two strong competing modes at λ~1.53575 μm and λ~1.5368 μm for Device 2 on chip A1 
(A1D2) with L=540 μm. 

Figure 11. Resonant wavelengths of the A1D2 ring laser. 
 
When light is injected into the ring laser cavity and aligned with one of the ring cavity modes, 
the ring laser side modes can become suppressed by 35 dB. Alignment does not have to be with 
the peak mode of the ring laser to force suppression. These traits are clearly shown in Figure 12 
(from devices later supplied from Binoptics).  

Figure 12. Optical spectrum when laser injection wavelength is a) not aligned with ring 
laser modes, and b) aligned with a mode. 

 
For device A1D3 Figure 13 shows switching at 200 Hz with 80 μW of light injected to the 
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side mode resonance. The optical spectrum was captured before and after each optical injection. 
When the injected light was aligned to a resonance peak, the spectrum’s shift in wavelength is 
suspected to be due to cavity heating. The magnitude of the switching was less when aligned to a 
side mode peak. 
 
Fiber alignment and facet back reflections also affected switching response. The ripple on the 
channel 3 trace changed as the fiber position changed. Ideal operation would involve anti-
reflection coating the surfaces that are in line with the laser cavity.  
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Figure 13. Switching A1D3 device at 200 Hz with 80 μW of injected power. 

Figure 14.  A1D3 switching is shown but reduced in magnitude when the injected 
wavelength is matched to a smaller resonance peak, 1544.8 nm. 
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Figure 15.  A1D3 switching a) initially with injection at main resonance; b) magnitude 
decreased after 1.5 minutes; c) magnitude almost disappeared after 8 minutes. d) 

Optical spectrum shown for initial switch and after 8 minutes. 

Figure 15 “time stamps” heating effects and illustrates changes in switching magnitude and 
optical spectrum for A1D3. The magnitude of the switching decreased over a period of 8 minutes 
when injecting at peak resonance. The optical spectrum shows a competing mode emerged from 
what was initially a smaller resonance, and after 8 minutes the resonances completely shifted. 
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4.1.2 Injection Frequency Investigation 
 
Binoptics demonstrated switching in the gigahertz regime with approximately 100 μW. 
However, in SNDP’s uncooled chip setup, switching past 3 KHz was severely degraded at 80 
μW injection levels and not visible on the oscilloscope minimum scale of 1 mV/division. In an 
attempt to surpass the limited frequency observation, higher injected power was used even 
though it would induce more heating. Power injected into A1D3 was amplified and filtered to 
provide an output 1.5 mW.  
 
Switching with this higher power when injecting at the main resonance peak was not possible 
indicated by the traces remaining in phase shown in Figure 16 for 700 Hz, 3 KZ, 700 KHz 
modulation frequencies. The ring laser had a favored propagation direction signified by the 
unbalanced current vs. power curves in Figure 3, and it remained propagating in the favored 
direction when injected at this higher power level. However, aligning with a much smaller side 
mode resonance peak, switching was readily observed as shown in Figure 17. It is, therefore, 
suggested that with 1.5 mW injected at the main resonance peak, heating dominated and 
quenched any switching. It was not fully clear what was actually occurring until further gain 
quenching experiments were performed. 
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                           a. 

 
                           b. 

 
                           c. 

Figure 16. Light is in-phase in each 
channel when injecting 1.5 mW at the 
peak resonance wavelength. a) 700 Hz 
modulation; b) 3 KHz modulation, c) 7 
KHz modulation.  

Figure 17. Switching at 700 Hz at 1.5 mW 
when injected wavelength is aligned with a 
smaller side resonance peak, λ=1544.2 nm. 
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A more curious observation was that very strong switching was observed when the injection arm 
was switched to path B at 1.5 mW. Figure 18 shows effects at 700 Hz, 7 KHz, 70 KHz, 700 KHz 
and 7 MHz using the different injection arm. With successive increases in frequency, the 
switching magnitudes decreased, and lack of switching occurred at 7 MHz. Injected power was 
increased to 10 mW, but MHz operation was still not possible.  

 
Figure 18. Switching observed when injecting in to path B @ 1.5 mW at main resonance, 

λ=1542.9 nm at a) 700 Hz; b) 7 KHz; c) 70 KHz; d) 700 KHz; e) 7 MHz. 

 
                                    a.                                     b. 

 
                              c.                                                                       d. 

                                        
                                       e. 
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4.1.3 Gain Quenching Investigations 
 
Gain quenching can be observed when the directionality of the counter-propagating mode 
changes as a function of bias current or injected light power level.  
 
Using the same experimental setup, device A1D2 was examined with a rate of 700 Hz. Injection 
path B was used, and as before channel 2 on the oscilloscope trace was green and channel 3 on 
was orange, while the blue trace indicated the trigger and was in phase with the optical light 
being injected.  

 
Figure 19 gives a base line switching pattern when the bias current on the ring laser was set to 
0.0850 A, well above threshold, and the injected power level was approximately 80 μW, similar 
to the initial power level used in the prior laser experiment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. Baseline switching for device A1D2 with bias current set to 0.0850 mA and the 
injected power level 80 μW. 

 
Bias current was examined first, and after each level reduction an adjustment of the injected 
wavelength was needed to ensure the injected light remained resonant with the ring cavity light. 
The bias current was reduced to 0.078 A, just above threshold, without noticing a change in 
directionality.  
 
The effect of varying the injected light power level was checked next. Laser A1D2 was biased at 
0.079 A, high enough above laser threshold, and the injected light power levels sequentially 
reduced from ~80 μW to ~3 μW. Figure 20 demonstrates that the phase of switching did not 
change for this power range meaning these levels did not affect gain quenching. At the 80 μW 
the rise edge in the counter propagating mode starts to demonstrate a peaking effect, which was 
very strong in the larger cavity device A1D3 at higher injected powers.                
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Figure 20. a) Ring bias at 0.079 A, injected power ~80 μW; b) Ring bias at 0.079 A, injected 
power ~3 μW. 

 
Gain quenching was not observed for this ring laser using low bias current levels and low 
injected light levels. This was good news suggesting that the co- and counter-propagating modes 
would not compete to hinder switching activity at these levels. Unfortunately, it was still not 
clear what the effect would be using higher injected levels, since some heating or quenching 
behavior was indicated in Figure 16 with the A1D3. 
 
In an ADC architecture the LSB is of significant concern because if it cannot be resolved 
precisely, errors occur. In the analysis using ring lasers in a successive approximation 
architecture, the values associated with the LSB were in estimated to be in the range of 100’s of 
microwatts. The capacity to reduce by two orders of magnitude the threshold power, 3 μW 
shown here, allows for many more channels and, hence, a much greater number of bits. 
 

4.1.4 Possible Q-Switching Behavior  
 
Q-switching allows the production of light pulses with extremely high peak intensity. Initially 
the laser medium is pumped while the Q-switch device prevents feedback of light into the gain 
medium, thereby, producing an optical resonator with a low Q-factor. This produces a population 
inversion, but laser operation cannot yet occur since there is no feedback from the resonator. 
Since the rate of stimulated emission is dependent on the amount of light entering the medium, 
the amount of energy stored in the gain medium will increase as the medium is pumped. Due to 
losses from spontaneous emission and other processes, after a certain time the stored energy will 
reach some maximum level at which the medium is said to be gain saturated. At this point, the 
Q-switch device is changed from low to high Q, allowing feedback and the process of optical 
amplification by stimulated emission to begin. Because of the large amount of energy already 
stored in the gain medium, the intensity of light in the laser resonator builds up very quickly; this 
also causes the energy stored in the medium to be depleted almost as quickly. The net result is a 
short pulse of light output from the laser, known as a giant pulse, which may have a very high 
peak intensity.  

 
        a.        b.
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The Q-switch itself may be a mechanical device (e.g. a shutter, chopper wheel or spinning mirror 
placed inside the cavity), some form of modulator such as an acousto-optic or electro-optic 
device, or a passive saturable absorber material. In the case of the diamond shaped ring laser, one 
of the gain paths may act as a mechanism. 

Figures 16-18 all depict a large spike artifact on the waveforms and occurred when the injected 
power level was relatively high, 1.5 mW, for the A1D3 device. It was suspected that the behavior 
was related to Q- switching and was dependent on cavity size.  The A1D3 device cavity was 
larger than A1D2, and spiking did not occur at 80 μW injection. On the contrary, Figure 21 
shows small spike formation for the A1D2 device with 80 μW injection biased at 0.079 A. When 
injecting into path A, it seemed that for the co-propagating wave, when the population inversion 
became too high, indicated by peak on green trace, a loss was observed in the counter-
propagating red trace for all cases. 
 
To examine the effect further, the bias current on A1D2 was increased while keeping injected 
light power constant. However, mapping Q-switch or spike formation in this manner was futile 
because heating rendered unstable switching very quickly at different bias levels. Switching 
became unstable because the resonance continually shifted, making tuning of the injection 
wavelength problematic. Thus, it became apparent that cooling was necessary to drive the laser 
beyond 0.080 A.  

Figure 21. Small spiking effects occurred when biased at 0.079 A and injected with 80 μW, 
which follow the rise/fall edges on channel 2 (green trace) and channel 3 (red trace). 

 
Varying light power while keeping constant bias current on A1D2 was an alternative way to map 
Q-switch or spike formation. The injected power levels ranged from -19 dBm to 4 dBm 
corresponding to 11 μW to 2 mW, respectively, and the bias level was kept constant at 0.079 A. 
Figure 22 maps the interesting sequential results. Each trace has large voltage levels suggesting 
that Q-switching may in fact be occurring.  
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            a. 
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b. 
Figure 22. Results of injecting various powers into ring laser. 
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The thumbnail plots of Figure 22 encompass many experimental observations. At -19 dBm 
switching was observed but the DC levels drifted and the waveforms seemed noisy. At -17 dBm 
the DC drift quieted down but the waveforms were still noisy. It was unclear if the activity 
caused triggering problems or if it was truly noise. Switching with -15 dBm became much 
quieter. At -14 dBm the peak on channel 3, corresponding to the rising edge of the light in the 
“on” state, started to decrease, while the valleys corresponding to the falling edge of the trigger 
start to increase. At -12 dBm and -9 dBm, channel 3 amplitudes changed and at -9 dBm the 
traces seemed noisy, indicating that the laser was changing its modal state.  
 
At -6 dBm for channel 3, the trace that was following the rise edge of the trigger became 
inverted and in phase with the trigger, while for channel 2 the trace that followed the rise edge of 
the trigger significantly decreased and remained in phase. The peaks that follow the fall edge of 
the trigger remain in a switched phase for both channels. However, channel 3 overshot on the fall 
edge of the trigger while channel 2 doesn’t. At -5 dBm, the effect was the same, but stronger, and 
at -3 dBm, stronger yet. It seemed that the injected light levels were approaching a point of 
overdriving the laser, or gain quenching, because at -2 dBm, the traces became in phase with 
each other.  
 
At 0 dBm an extreme change occurred. Channel 2 became a square wave trace following the 
trigger without a peaking effect, while channel 3 still had the peaking effect. Taking note of the 
voltage scale, channel 2 was on 200 mV/div; the highest scale used to date, while channel 3 was 
relatively strong, 50 mV/div, it decreased quickly as the injected power increased.  
 
At 2.5 dBm channel 2 remained uniformly square while channel 3 approached a square wave 
function, but remained with a Q-switching effect associated with the edges. The trailing edge and 
rise edge clearly involved different mechanisms.  
 
At 3.5 dBm, channel 2 became stronger, and channel 3 diminished in amplitude but had an 
oscillation associated with the fall edge. At 4.2 dBm almost all the power resided in channel 2 
perhaps indicating full gain quenching.  

 
 4.1.5 Laser Die Experimental Summary 
 
Switching up to 700 KHz with an injection power of 1.5 mW was observed; this became 
dependent on the injection path at higher power levels. Switching was observed with a minimum 
of 3.2 μW. Behavior similar to Q-switching was observed with injection at various power levels 
for two distinct laser cavities. Back reflections played an important role and had a significant 
effect on switched behavior. Heating effects were definitely witnessed, affecting gain quenching 
and possibly carrier dynamics. Better device layout and experimental setup including laser 
cooling are needed to better understand the switching mechanics.  
 
Relaxation oscillations at different ring laser bias levels were not observed at the low 
frequencies. This was encouraging and suggested that the carrier dynamics would not interfere 
with the mechanism of switching needed for optical flip-flopping applications. 
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These lasers demonstrated significant promise in that they switched cleanly when biased 
properly and injected with proper power levels. Efforts were put forth to package a set of lasers 
in a stable platform that would facilitate more extensive investigations.    
 

4.2 Packaged Ring Lasers 

As stated, it became quite clear that die devices posed several difficulties for applications testing: 
reflections from the access port facets interfered with the injection process; the free-space 
coupling efficiency was far from optimal; and heating and temperature related effects were not 
stabilized. The key issues were largely overcome when Infotonics Technology Center partnered 
with Binoptics Corporation to provide three integrated/packaged versions to AFRL for detailed 
characterization. Technical advances were required to implement the waveguide’s geometry so 
as to access all active ports with optical fiber. Metal ferruled lensed fibers with anti-reflection 
(AR) coatings were incorporated into existing thermo-electric (TE) cooled packages. The multi-
port packaging and optimization procedures were reported by Stoffel, et al., in the 2006 
Electronic Component Technology Conference submission(5).   
 
Frequency and injection power limits were investigated with these packaged devices. Another 
objective was to determine if the induced “switching” of mode intensity was primarily due to the 
stimulating effect of injection, rather than a variation of carrier density, particularly since the 
former could enable much higher laser response rates.  
 
It is well known for semiconductor lasers that increasing drive current or using a shorter cavity 
increases the relaxation oscillation frequency. Also an increase in the number of quantum wells 
in the structure increases the gain which is proportional to the square of the relaxation frequency. 
Such effects have been thoroughly examined at Binoptics in single cavity Fabry-Perot designs, 
with relaxation frequencies in excess of 15 GHz being achieved and still higher ones being 
attainable. The effects of all-optical methods for the modulation, as pursued here, provide an 
alternative approach. Injected light levels of 2 μW induced switching in prior die testing 
experiments, but here levels were varied from 100 μW to much higher ones that approached the 
intensity of the free-running laser, so that relaxation effects could be observed in different 
parameter regimes.  
 
The operating characteristics and phenomenology results are presented the remainder of this 
paper. A description of the packaged devices and the experimental layout in section 4.2.1 is 
followed by the experimental results for square pulses in section 4.2.2 and single frequency 
inputs in 4.2.3. Some injection wavelength detuning effects are discussed in 4.2.4, and followed 
by the theoretical model in chapter 5.   
  

4.2.1 Experimental Setup 
 

In Figure 23 a representative diamond shaped ring laser is shown left, while a prototype 
packaged ring laser is shown right. The ridge waveguides had width of 3.5 μm with a mode-field 
size of approximately 3.3 μm that permitted fairly efficient single mode fiber coupling, and the 
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laser output was polarized horizontal to the substrate. Saturation current (Isat) was ~ 160 mA, 
while threshold current was ~ 57 mA for the particular module tested. Table 3 describes 
characteristic parameters, output power (Pout) at Isat and return loss (RL), measured for the 
packaged module.  

Figure 23. A representative diamond shaped ring laser shown left with a prototype 
packaged ring laser shown right assembled by Infotonics Technology Inc. 

 
Table 3.  Characteristics of Packaged Ring Laser (Module #13) 

 
Fiber Channel A1 A2 B1 B2 

Pout at Isat=160 mA 1.49 mW 2.09 mW 2.06 mW 1.70 mW 

RL -23.23 dB -29.31 dB -27.8 dB -27.8 dB 

 
Figure 24 illustrates the experimental setup, similar to Figure 9, used to characterize the 
packaged devices. A Keithly source delivered the drive current of 80 mA to power the ring laser 
throughout most of the experiments discussed here. A New Focus tunable laser, model 6300 
Velocity, provided an injected power of approximately 500 μW. An erbium-doped fiber 
amplifier (EDFA), Pritel Inc. LNHPFA-30, was used to provide higher power levels to the JDSU 
Mach-Zehnder (MZ) modulator, and a polarization controller set the proper state for the 
modulator. An Agilent signal generator, model 83650B, delivered the RF sinusoidal signal to the 
modulator, and a Krohn-Hite Corp. precision DC source, model 523, controlled the modulator 
bias, which was set to operate on the negative slope of the transfer curve. The output from the 
modulator was connected to an in-line polarization maintaining (PM) fiber power meter, 
Eigenlite PM 422, which had a dialable attenuator to vary injected light power with a range of 
+10 dBm to -20 dBm (10 mW to 10 μW), and Discovery Semiconductor 30S Lab Buddy 
detectors (3 dB @ 18 GHz) monitored the switching waveforms. An Agilent 86142B optical 
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spectrum analyzer (OSA) captured the ring laser and injection laser spectrum, while an HP 
54750A oscilloscope with a 50 GHz module displayed the output waveforms. 
 
The signal generators used to impose the waveforms, or encoding, on the modulator were 
interchanged  between an Anritsu 5 Gb/s, 16 bit pulse pattern generator, model MP 1608A, and 
an HP 83650B, 20 GHz, sinusoidal frequency generator. The MZ modulator was biased at 
quadrature in both cases. For the digital patterns, amplification was used to increase the 2 volt 
signal to near the Vπ value of 5 volts, so that a “zero” logic signal corresponded to a modulator 
minimum output, which was near zero, and a logic level of “one” corresponded to the modulator 
maximum. Because a broadband amplifier distorted the encoded pulse patterns from the PG in 
certain parameter ranges, precautions were taken to ensure that the regimes tested were free of 
distortion.  
 
For the sinusoidal input signals, amplification was not required because input signals less than 
Vπ were sufficient to exhibit the switching effects, and a zero reference level was not essential. 
The sinusoidal driving signal applied to a MZ modulator yields a sine wave in the small signal 
regime, or linear region of the MZ transfer curve. When amplifying the applied signal the 
general form of the transfer curve becomes sin(Asin(ωt)) which is a Bessel function of the first 
kind. In other words, nonlinear characteristics are manifested gradually with increased signal in 
the form of higher order effects. These small effects can be detected using a spectrum analyzer 
before they are witnessed by a change of the waveform’s shape. Amplification was therefore 
used only to maximize the signal to a level that did not exhibit noticeable distortion of the 
waveform’s shape. 

Figure 24. Experimental setup schematic for packaged devices. 
 
Unless otherwise noted the data resulted from injecting into port A2; the clockwise (CW) mode 
followed the injected path and corresponded to port B1 output, while the counter-clockwise 
(CCW) mode corresponded to port B2 output, as depicted in Figure 24.  
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Ext. ratio (dB) = log (V2
max)  = 9 dB (CCW), 

                    (V2
max)  

4.2.2 Digital Encoded Injection 
 
The lowest speed investigated with the pattern generator was 100 Mb/s, with a positive logic bit 
pattern of 1 on 3 off. Figure 25 shows the positive logic pattern sent from the pattern generator to 
the MZ modulator (left), and unless noted the patterns in this paper were positive and either 1 on 
3 off or 1 on 1 off. The right side of Figure 25 shows the device response at 100 Mb/s. 
Approximately 1 mW average optical power was injected into the ring laser cavity when it was 
operating at the higher drive current of 120 mA. The extinction ratio exhibited is defined by 
equation 1 and is effected by injected optical power.  The CW mode typically exhibited larger 
amplitude, and the injected light seemingly experienced some gain. 
 

Figure 25. Signal out of the pattern generator imposed on the MZ modulator for 100 Mb/s 
positive logic pattern 1 on 3 off (left). 100 Mb/s switching, bit pattern 1 on 3 off (right). 

 
Figure 26 shows results for a 1 Gb/s pattern (1 nsec injected pulse width), which implies a 250 
MHz repetition (rep) rate for the complete 1 on 3 off pattern. Results for both ~ 100 μW and ~ 
800 μW average injected optical powers are shown. For the CCW mode the extinction ratio, 
defined by, 
 
           (1) 
 
 
 
increased from approximately 4 dB to 9 dB with the higher injected power. More importantly, 
the counter-propagating mode not only responded, but could be driven down very close to a true 
zero, ie. no light in the path. The structures observed in the output waveforms may be related to 
relaxation oscillations corresponding to ~ 0.8 GHz, calculating from the first oscillation peak at ~ 
25.2 ns for the 800 μW injection case. Shown in Figure 27 is the difference between 1 Gb/s and 4 
Gb/s operation. The stronger oscillations in the 4 Gb/s case may be related to the higher 
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frequency components of the square wave or the relaxation oscillation limit. In both cases the 
output pulse formation is broadened. 

Figure 26. Injection using pattern generator with a 1 Gb/s bit pattern of 1 on 3 off for 100 
μW and 800 μW injection. 

 
Injecting the 4 Gb/s (250 ps pulse) positive logic bit pattern, 1 on 3 off, actually corresponds to a 
1 GHz pattern rep rate.  Figure 7 depicts that the oscillations, ~ 4.5 GHz, in this configuration 
were more prominent than the 1 GHz sinusoidal case  

Figure 27. Oscillation patterns change from 1 Gb/s bit pattern of 1 on 3 off to 4 Gb/s bit 
pattern with the latter being very strong. 

 
Figure 28 illustrates 4 Gb/s negative logic 1 on 3 off, i.e. 1 off 3 on, with a lower optical power 
injected. This case did not seemingly exhibit pulse broadening, but the pulse envelope was not as 
square shaped as in the positive case. The reason for this difference cannot be fully explained by 
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the usual rise and fall time responses because of the interaction between the two counter-
propagating modes. Although, it was suspected to be due to RF amplifier limitations. 

Figure 28. Four GB/s negative logic 1 on 3 off – which is really 1 off 3 on, with ~ 170 μW 
injected. 

 
Operation of the pattern generator was limited to 5 Gb/s; for a shorter input pulse, the data was 
considered in Figure 29 measured by Binoptics on an initial unpackaged device4 with 600 μm 
round trip cavity length. The figure shows that for a 100 ps (10 Gb/s) pulse the laser still 
switched, and the co-propagating trace (bottom right) shows the injected pulse to be reproduced 
with sufficient fidelity to support selected high speed digital operations.  Though the magnitude 
of the oscillation may have been enhanced by reflections internal to this unpackaged device, the 
~ 4 GHz value is in the expected range for such a cavity relaxation oscillation. This was directly 
supported by observing that increased drive current increased the frequency of the observed 
oscillation. 
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Figure 29. Data measured at 10 Gb/s on preliminary devices by Binoptics.1 
 
 

4.2.3 Single Tone Injection 
 
To observe higher frequency effects, a sinusoidal signal generator was also used for the injected 
waveforms. No relaxation related oscillation effects were exhibited in those waveforms, but it 
was observed that higher frequencies required higher injected powers to maintain a given 
extinction ratio. Figure 30 compares the responses for 8 GHz with 100 μW and 800 μW injected, 
showing much higher extinction ratio for the latter case. The extinction ratio for the CCW mode 
increased with increased injection, and for ~ 800 μW injected the extinction ratio for 8 GHz 
remained over 4 dB.  Figure 30 also shows the extinction ratio reducing to < 3 dB at 12 GHz and 
virtually no response at 15 GHz, respectively, which seems to indicate the bandwidth of the laser 
because the 3 dB point of the detector was > 20 GHz.   
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Figure 30. Eight GHz sinusoidal modulation for 100 μW and 800 μW injected powers with 
the extinction ratio reducing to < 3 dB at 12 GHz and virtually no response at 15 GHz at 

800 μW injected powers. 
 
Typically in semiconductor lasers, the relaxation oscillations will increase in frequency with an 
increase in drive frequency. These diamond shaped lasers exhibit similar behavior when injected 
with higher power rather than changing the drive current shown in Figure 31. No response is 
expected when the drive current of a diode laser is directly modulated beyond its relaxation 
frequency, yet observations, also shown in Figure 31, show an enhanced response. Operation 
beyond 4-6 GHz  occurred for time-varying optical injection. The observed cutoff near 15 GHz 
in Figure 30 could imply that the relaxation effects still play a limiting role. More research is 
necessary for a better understanding of the effects.  
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Figure 31. Bandwidth enhancement possibilities for diamond shaped laser cavities using 
optical injection to increase the oscillation frequencies. 

 
 

4.2.4 Detuning of Injection Wavelength 
 
The wavelength (de)tuning sensitivity was not obvious at lower driving frequencies (f), but at 
higher frequencies, such as 10 GHz, the RF modulation sidebands imposed on the wavelength 
center line were resolvable on an OSA. It was observed that optimal switching occurred when 
the injected wavelength was detuned from the peak of the ring laser by the magnitude of the 
driving frequency. The frequency offset for optimal switching was also verified at 4 GHz and 1 
GHz., At frequencies below 1 GHz, peaks could not be resolved with available equipment. The 
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observation for zero detuning the switching response was extinguished is addressed in the 
theoretical section of chapter 5. 
 
At such high frequencies the injected wavelength could also be detuned by 2f, so the +/- 2nd 
adjacent sideband became aligned with the center peak of the ring resonance, and with sufficient 
power, injection locking could occur at those sidebands. The effect was two detectable 
wavelengths propagated in the same direction, which simulated frequency doubling in the output. 
Figure 32 shows the switching output when the injection was detuned by 10 GHz along with the 
optical spectrum of the injected signal and an overlay of the ring resonance. 

Figure 32. Ten GHz switching with frequency detuned by ~ 10 GHz, and optical spectrum 
of overlaid injected wavelength and ring laser resonance showing wavelength detuning of ~ 

0.08 nm (10 GHz). 
 
 
Figure 33 illustrates the evolution of the 10 GHz waveform as the wavelength was progressively 
detuned through the doubling effect. When completely detuned, the waveform disappeared, 
indicating complete misalignment and suggesting that the power level available (optical or RF) 
in the 3rd sideband was not sufficient for inducing the resonant enhancement to drive the 
switching mechanism.  
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Figure 33. Progression of frequency doubling as an effect of detuning. 
 

 
 4.2.5 Packaged Ring Laser Summary 

 
The amplitude of the co-propagating (CW) mode was always larger than the counter-propagating 
(CCW) direction. This is most likely explained by the limited amount of carriers, which allows 
the injected mode to exhibit a dominating effect. Pulsed encoded formats demonstrated digital 
switching in excess of 10 GHz. Generally, cavity relaxation oscillations limit the response rate 
for directly modulated diode lasers, but the optically modulated results here indicated that 
bandwidth limit was enhanced by at least a factor of two. The ring laser consistently exhibited 
maximum oscillations ~ 4 GHz and is consistent with relaxation effects expectations for this 
medium and cavity dimension. The extended response was confirmed with single frequency 
measurements up to 12 GHz. Tests with CW optical injection showed the cavity relaxation rate, 
i.e. the response bandwidth, could be further enhanced with injected power. This enabled 
optically modulated operation to nearly 20 GHz in the present laser, and could project to 50 GHz 
with realistic scaling of the cavity dimensions. The performance discussed here compares with 
the highest rates achieved in VCSELs and offers a configuration more amenable to integration. 
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5.0 Theoretical Simulation: Optical Injection Model 
 

Rate equations that model a four port semiconductor ring laser with a modulated optical input 
signal used for injection locking are presented in this chapter. Numerical simulations were 
carried out to illustrate the observed “switching” behavior in the intensities of the two circulating 
modes. 
 
The single mode rate equations that have been used traditionally to model optical injection 
phenomena in semiconductor lasers consist of three first order nonlinear  differential equations, 
(2)-(4); one for the amplitude of the electric field R (photons), the phase difference between the 
master and slave electrical fields ψ,  and the carrier density N (electrons):  
        
                          (2)
        
                                     (3)
        
         .                                 (4)
                                
 
In this set of equations the time is measured in units of the photon life time of the laser cavity. T 
is defined as the ratio of the carrier to the photon life times; α is the linewidth enhancement 
factor, and ηis proportional to the amount of injected light that enters the slave laser cavity and is 
typically one of the experimentally controlled parameters. P is the pumping electrical current 
threshold, and it is proportional to: 
 

                   P ~ J
Jth

−1,                                                                  (5)  

where J and Jth denote the pumping current and the pumping current at threshold respectively. 
Finally Ω denotes the frequency detuning between the master and slave lasers and is also one of 
the experimentally controlled parameters.  
 
This set of equations can be written in a compact complex form as follows: 
        
              (6) 
        
          ,           (7) 

 
where the complex electric field is given by Ê(t)=Rexp(i )ψ . 
  
The semiconductor laser is known to be sensitive to external perturbations and can exhibit 
nonlinear dynamics in its performance due to a combination of strong phase amplitude coupling, 
relatively high gain per length unit, and relatively long carrier lifetime. The electron carrier 
lifetime is typically of the order of one nanosecond, compared to a photon round-trip time in the 
cavity on the order of one picosecond. The most notable dynamical consequence of these factors 
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is the relaxation oscillation, a damped periodic exchange between the intensity and inversion 
(number density of the gain medium) of the laser(6,7). The resulting nonlinear dynamics pose 
undesired features for many applications, since they affect both the continuous wave and 
modulated performance of the laser. However, such “instabilities can be domesticated” and can 
be tailored so as to enable novel practical applications such as bandwidth enhancement and high 
speed switching.  
 
The key formula for the free running relaxation oscillation is expressed as follows: 
 

                                                  1 2
2r

p

Pf
Tπτ

= ,                                                              (8) 

 
where τp denotes the photon life time of the laser cavity. This can be calculated by performing 
linear stability analysis on the lasing steady state when the injection level is zero. When η is zero 
the system becomes effectively two dimensional, and a simple calculation can compute the 
damping and the free running relaxation oscillation.  
 
The results are given by the following formulas: 
        
        
          (9)
        
        
                                       
                              .                                                 (10) 

 
  
To establish connection with the more traditional formulation given in most IEEE journals and 
semiconductor texts, the following section includes a discussion of various transformations 
needed to bring the set of evolution equations into that compact form. 
 
5.1 Equation Transformations 

 
The semiconductor rate equations consist of two ordinary differential equations, one for the 
complex electric field mode, and one for the carrier number N. They are given as follows (8- 11, 13):  
    
         (11)
    
                             (12) 
   
 
where Gn is the differential gain; Γ is the confinement factor; Nt is the transparency carrier 
number; τp is the photon life time; Eext is the incident electrical field amplitude; I=J is the 
electrical injection current; q is the elementary charge, and τs is the carrier lifetime. The 



 41

2

1 [ (1 )( )]
2

1[ ( ) ]

n th o ext

n th
s p

d G i N N E i
dt
dN I N G N N
dt q

α ω

τ τ

Ε
= Γ + − − Δ Ε − Ε

= − − − + Ε
Γ

 

2

(1 )

(1 2 )

dY i ZY i Y
ds

dZT P Z Z Y
ds

α μ= + + Ω +

= − − +
 

difference 2 1ω ω−  is defined as the detuning between the injected and the time-dependent laser 
frequency. It is given by 
 

                                                          2 1
1 ( )
2o n oG N Nω ω ω α− = Δ − Γ −   ,                                                (13) 

 
where oωΔ  is the fixed optical detuning between the frequencies of the external field and the 
free running slave laser; α is the linewidth enhancement factor, and No is the steady state carrier 
number at zero injection. This implies that 
     
         (14) 
     
     
                  (15) 
 
The following dimensionless variables and parameters are introduced as follows: 
 

                                                                 
2

s nGEletric field Y Eτ
≡                                                             (16) 

 
 

                                                   ( )
2

p n
th

G
Number density Z N N

τ Γ
≡ −                                       (17) 

 

                                                                 , 
p

tDimensionless time s
τ

≡    .                                                    (18) 

So the set of equations acquires the following compact form: 
        
            (19) 
        
        
       .                   (20) 

 
Introducing the variables R and ψ and the parameters, 

 
                                                                    / Pη μ=                                                                (21) 

 
                                                              Re ( )Y P xp iψ=      ,                                                   (22)  

 
the original equations are obtained. 
 
All the relevant parameters are, therefore, defined as follows: 

.
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5.2 Optical Injection on Ring Lasers 

 
In the case of a ring shaped diode laser, only single longitudinal mode operation is considered. It 
is assumed that the other circulating modes are much farther apart in frequency, so their weak 
mutual interaction does not influence the key features of the overall dynamics.  The electric field 
inside the cavity can be expressed as follows: 
 
                                 1 2

ˆ ˆ( , ) ( ) exp[ ( )] ( ) exp[ ( )]x t t i t kx t i t kxω ωΕ = Ε − − + Ε − +                                  (28) 
 
Where 1Ε̂  and 2Ε̂  are the slowly varying mean complex electric field amplitudes associated with 
two propagating directions, i.e. mode 1 (counter clockwise) and mode 2 (clockwise). Parameter 
‘x’ represents the spatial coordinate along the optical path of the ring laser, assumed to be 
positive in the clockwise direction, while w is the optical frequency associated with the 1550 nm 
emission wavelength of the selected longitudinal mode. 
 
From these considerations it becomes evident why equations 6 & 7 can be generalized to yield 
the following rate equation model of the two counter propagating complex electrical fields under 
optical injection was employed for the simulations: 
 
           (29)
                  (30)                        
              (31)   
  
 
For notational simplicity E, N, and t are always used with dimensionless units in the equations 
defined by the transformations. 
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The explicit time dependence of the injection level introduced by the modulator is expressed as  
 
                                                                  ( ) [1 cos( )]dt m tη η= + Ω ,                                                            (32) 
 
where η is the unmodulated injection level; m is proportional to the modulation depth, and Ωd is 
the modulation frequency measured in terms of the running relaxation frequency ωr. 

 

 
5.2.1 Simulations of Traditional Optical Injection (One Mode) 

 
The behavior of a two gain path (two propagating modes) ring laser is not well understood. 
Before considering the complicated structure, concepts and typical behavior of a traditional 
externally perturbed semiconductor laser are examined. Some typical results are presented for 
the dynamics of an optically injected laser in its simplest case, when the optical detuning 
between the slave and master is zero.  
 
Considering an electrically pumped laser operating above threshold and acting as a slave to the 
injection laser, the most direct way to describe the dynamics is to compute the electric field, or 
the intensity, as a function of time. The integration time should be long enough, a few hundred 
photon lifetimes, to give one potential solution that is well separated from any instability points, 
such as Hopf bifurcations or period doubling bifurcation points. This ensures various transients 
have settled and the laser system has reached a stable state. The integration in such dynamical 
systems is typically accomplished with a fourth order Runge Kutta algorithm.  
 
Optical detuning and injection level variation provide two experimental parameters with which 
to map out stable and unstable regions. The transformed equations, with the fast time scale 
removed, are much less cumbersome, since everything is then measured in terms the system’s 
free running relaxation oscillation. The “time” in the computational experiments becomes 
  

2( ) Pz time t
T

=   .                                                            (33) 

 
Inspection of the formula shows that the parameter T plays a critical role in the dynamics of 
these systems. All known and previously investigated semiconductor laser gain structures had 
very large values (T ~ 1000), which stems from the fact that circulating photons have much 
shorter transit times (~ picoseconds), compared with much slower electrons (nanoseconds).   
 
Rather than recording all of the time based computations as key parameters are altered, it is 
customary to display only the extrema, the minimum and the maximum.  With this representation 
the well known continuous wave operation of a laser is nothing else but a single point solution. A 
typical periodic solution having one frequency is represented by two points, one minimum and 
one maximum, and therefore, a typical period doubling solution has four points. Chaotic 
solutions are represented by a random scattering of points. For continuity in these fairly massive 
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computations, the output condition is used as an initial condition for the following computation, 
thus generating hysteretic phenomena or coexisting solutions (attractors).  
 
Examining a bifurcation plot helps to distinguish chaos from quasi-periodicity, a periodic 
solution which has two well separated frequencies. Figure 34 depicts this well known scenario(10, 

11,13). The y-axis represents the deviation of the steady state amplitude of the electric field (R=1+a, 
which must be kept distinct from the notation for the linewidth enhancement factor α), versus the 
strength of optical injection electric field, η. For a continuous wave laser, steady state behavior 
exists from zero injection up to ~0.003 indicated by the flat line. A limit cycle follows where the 
intensity is periodic and, thus, purely harmonic. This is experimentally verified by examining the 
radio frequency spectrum, which will consist of side bands separated by the frequency of the 
limit cycle, i.e. the free running relaxation oscillator. If an optical spectrum analyzer has 
sufficient resolution, optical spectrum side bands can be viewed as in Figure 31. Period doubling 
is depicted in Figure 34 in the range ~0.0095 < η< 0.0105, and the random points in the range 
η> 0.0105 suggests that the slave laser entered the region of chaos, i.e. coherence collapse. 

Figure 34. Exemplary bifurcation diagram(10,11,13) for a traditional (single gain path) 
optically injected laser diode. The y-axis measures the deviation of the steady state 

amplitude of the electric field R=1+a. The x-axis measures the strength of optical injection 
electric field. For CW operation the steady state, limit cycle, period doubling and chaotic 

solutions are depicted. 
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5.2.2 Hopf Bifurcation 
 

In bifurcation theory (quantitative theory of nonlinear differential equations), a Hopf bifurcation 
is a local bifurcation in which a fixed point representing a steady state for CW operation loses 
stability. This is represented as pairs of complex conjugate Eigen values of the linearization 
around the fixed point, whose locus crosses the imaginary axis of the complex plane. Under 
reasonably generic assumptions about the dynamical system, a small amplitude limit is expected 
to cycle and branch from the fixed point. The limit cycle is orbitally stable if a certain quantity, 
called the first Lyapunov coefficient, is negative, and the bifurcation is supercritical. Otherwise 
the system is unstable, and the bifurcation is subcritical, hysteretic(12). 

 
5.2.3 Dynamics of Diamond Shaped Lasers 

 
Presented here are numerical simulations of an optically injected diamond shaped laser, modeled 
as a system of two coupled rate equations as described in the previous section. Figure 35 
illustrates how the extrema of the two counter propagating modes take shape as the amount of 
injection level increases. The diagram shows how the laser transitions from a steady state 
solution through a Hopf bifurcation and enters into a limit cycle, indicating that the relaxation 
oscillation has been undamped.  
 
For the numerical computations, parameters were judiciously chosen (i.e. close to those of prior 
numerical studies): α=5, T=155, P=1.2, with detuning Ω=0.1ΩR, recalling the experiments 
measured approximately 4.5-6.0 GHz for the free running relaxation oscillation of the ring laser. 
The modulation depth was m = 1, and the modulation frequency ranged from 0.1 to 1.1 ΩR.  
 
Experimentally, once the laser was injection locked with side modes substantially suppressed, it 
was found that as the strength of the injection was increased, the common steady state (CW 
operation) split such that the injected mode typically obtained most of the energy. Literature 
agrees with this injection phenomenon and suggests that increasing the injection level further 
yields various well known instabilities, including undamping of the free running relaxation 
oscillations across a Hopf bifurcation, period doubling and chaotic emission(13). 
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Figure 35. Typical bifurcation diagram showing the minima of the two counter 
propagating intensities as the level of injection changes. 

 
In Figure 36 the two counter propagating mode intensities oscillate about the continuous wave 
steady states denoted by horizontal lines at injection level 0.76 and 0.22. A key observation is 
that the intensities are anti-correlated suggesting that this level of optical modulation tends to 
switch the output light of the two counter propagating electric fields. From this set of simulations 
it is clear that a simplified model, which does not include nonlinear gain and optical coupling 
between the two modes, is able to capture certain key qualitative characteristics of the dynamic 
response of the Binoptics diamond ring laser configuration.  
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Figure 36.  Time evolution of the two intensities as a function of dimensionless time as 
defined in the text. Switching behavior with clearly anti correlated intensities is observed at 

injection level 0.0067 and modulation depth m=1. The horizontal lines denote the CW 
operation with unmodulated optical injection. 

 
 

Qualitative agreement between the above simulations and the measured experimental dynamical 
responses are further depicted in Figures 37.  
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Figure 37.  (Left) Representative experimental results of co- and counter-propagating 
modes for optically modulated injection at (a) 700 Hz and (b) 4.1 with a 1 on-3 off negative 
logic format. (Right) Theoretical results of co- and counter-propagating modes for (a) 1% 
of the relaxation running oscillation frequency and (b) just below free running relaxation 
oscillation frequency. 
 
 
At slow driving frequency, ~ 1% of Ωr, Figure 37a depicts the response waveforms of the 
intensities, which consist of the fast relaxation oscillations modulated within the slow envelope 
of the driving frequency. In the region where the driving frequency is close to, but just less than, 
Ωr, shown in Figure 37b, anti-correlated intensities between the two modes indicate the presence 
of the switching phenomena. 
 
The results from the presented model showed good qualitative agreement with measured data for 
both slow modulation speeds, ~ 700 MHz, and high speeds, on the order of the free running 
relaxation oscillation ~ 4-6 GHz for the diamond shaped ring laser. It is somewhat remarkable 
that there was no need to include optical coupling or nonlinear gain in order to achieve a degree 
of qualitative agreement over a large frequency span. Those inclusions in a more comprehensive 
model may, however, still be required to account for the additional experimental observations 
that the switching phenomena was observed at discreet values of detuning, rather than at zero 
detuning. 
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6. Conclusions 
 

Four-port fiber coupled ring lasers, to the best of our knowledge, not been previously assembled 
or tested. The design having two coupled optical gain paths in a semiconductor medium, with 
four-port interactive optical access, offers unprecedented degrees of freedom for optical control. 
The packaged devices allowed systematic testing of bandwidth limitations. The large parameter 
space also presents new challenges to the complex analysis of the device physics.  
 
This work successfully addressed several related questions of fundamental importance: 
 

1) Under what conditions could the unique switching effect in these semiconductor ring 
laser devices be applied in actual practice as an optical comparator or switch/router for 
digital optical logic? 
 
2) Does the performance in terms of threshold power and frequency range offer significant 
advantage over present state-of-the-art electronic technology? 
 
3) Can the theoretical understanding of injection locked semiconductor lasers be 
generalized to include this more complex dual cavity configuration? In particular, how can 
the switching effects be quantitatively modeled so as to exhibit the relative contribution of 
both carrier density changes and stimulated photon effects?  

 
Very practical optically switched extinction ratios of ~ 9 dB were observed, and that value could 
be increased with higher injected power. Optimum switching occurred when the wavelength was 
detuned, or offset, to match the injected modulation frequency. Pulse encoded data yielded some 
lower frequency effects which may be attributed to residual reflections in the system, but also 
exhibited oscillations between 4 and 6 GHz, consistent with relaxation oscillations in the 
expected range for this medium and cavity dimension. This effect was not as evident for single 
frequency input signals, which is most likely due to their much smaller perturbation to the steady 
state compared with a square waveform.  
 
No response is expected when the drive current of a diode laser is directly modulated beyond its 
relaxation frequency, so the observations at twice that value with time-varying optical injection 
indicate a contribution to switching effects by photon stimulation. However, the observed cutoff 
at about 15 GHz could imply that the relaxation effects still play a limiting role, and that a 
combined effect is at work. Conclusions must at this point be guarded until more complete tests 
are done with sufficient cavity variation to alter and isolate the contribution of the relaxation 
oscillation. These methods have been successfully demonstrated at Binoptics in Fabry-Perot 
semiconductor diode lasers, but not in this significantly more complex configuration. A 
theoretical model shows that with proper conditions the laser mode intensities are expected to be 
anti-correlated with laser injection, as we observed.  
 
The remarkable development of these unique semiconductor ring laser devices was initially 
motivated by the need for an ultra high speed optical comparator in the A/D converter effort 
pursued at SNDP. The packaged prototypes successfully demonstrated the key performance 
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specifications; the response rates exceeded 10 GHz rates and could be projected up to 50 GHz 
with modification to already proven technology. The limits to scaling of the channel number still 
remain to be determined by future work.  
 
The new device physics of this semiconductor ring laser is of fundamental interest to 
understanding of electro-optical effects of interacting control signals in a semiconductor 
medium. These investigations broadened the scope of applications to include the high speed 
optical logic functions as originally envisioned by Grande and Tang(14) and currently pursued in 
recent polarization switched VCELS(2).  
 
As far as we are aware, the devices characterized in this work have demonstrated higher 
frequency performance than any existing devices offering comparable integrated multi-port 
access. The results of this research were accordingly presented in several relevant military 
symposia and engineering conferences to promote awareness of this newly developed 
technology(5,15-17). 
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