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Tunable true-time delay of a microwave photonic signal realized by cross
gain modulation in a semiconductor waveguide

Weiqi Xuea) and Jesper Mørk
DTU Fotonik, Department of Photonics Engineering, Technical University of Denmark, Build. 343,
DK-2800 Kongens Lyngby, Denmark

(Received 17 September 2011; accepted 14 November 2011; published online 5 December 2011)

We experimentally demonstrate the realization of a tunable true-time delay for microwave signals

by exploiting cross gain modulation among counter-propagating optical beams in a semiconductor

optical amplifier. Broadband operation from �5 to �35 GHz is observed. The physical effect

originates from the combination of carrier dynamics and propagation effects, and the experimental

results are well accounted for by a numerical model. We find that, in contrast to the case of the

co-propagating beams, the bandwidth is not limited by the lifetime of excited carriers. The

trade-off between the magnitude of the true-time delay and the microwave bandwidth is discussed.
VC 2011 American Institute of Physics. [doi:10.1063/1.3665946]

Since the demonstration of an optically steered phased

array antenna in 1991,1 the study of tunable microwave time

delay lines realized by photonics has become a hot topic

within the developing research area of microwave pho-

tonics.2 A common scheme exploits dispersion, with the

time delay being varied by tuning the laser wavelength and

propagating through high dispersion fibers3,4 or chirped fiber

gratings.5–7 This scheme is, however, relatively bulky and

complex. Recently, both slow light effects8 and microring

resonators9 have been exploited to achieve microwave time

delays. In particular, slow light in active semiconductor

waveguides can provide very fast tuning speed, compact

size, and low power consumption.10–13 Though microwave

phase shifts beyond 360� have been experimentally demon-

strated,13 fundamental limitations11,14 make it difficult to

achieve true time delays over a broad bandwidth, e.g., sev-

eral tens of GHz, by using slow light effects.

In this work, we demonstrate that microwave true-time

delays can be realized in a semiconductor optical amplifier

(SOA) by exploiting cross gain modulation (XGM) effects

among two counter-propagating optical signals. It is well-

known that XGM in an SOA can be used to perform different

optical signal processing functions.15–18 However, while the

amplitude response of XGM has been extensively investi-

gated,19,20 the phase response only received little attention.

Experimentally, we find very different phase responses for

co- and counter-propagating configurations. In particular, the

counter-propagating scheme can induce true-time delays in a

range up to �10 ps over a microwave frequency band from a

few GHz to �35 GHz, thus strongly exceeding the frequency

limitation usually implied by the inverse of the carrier life-

time. The observations are accounted for by a numerical

model, and a qualitative explanation is given.

Fig. 1(a) shows the experimental setup with the signal

and probe beam co-propagating through an SOA. The wave-

length of the CW probe beam is 1550 nm, and it has a fixed

optical power of �5 dBm. The signal beam is modulated by

a microwave signal generated by a network analyzer. The

modulation index is �4%. The wavelength of the signal

beam is 1540 nm, and the optical power can be tuned by a

variable optical attenuator. Both beams are TE polarized.

The SOA is electrically biased at 340 mA, at which current

the measured carrier lifetime is �60 ps. After the SOA, the

probe beam is selected by an optical bandpass filter and

detected by the network analyzer. For the counter-

propagating configuration, the probe beam is selected by an

optical circulator, as shown in Fig. 1(b). Four-wave mixing

effects between the signal and probe beams can be neglected

due to the large detuning.

The measured XGM response as a function of the micro-

wave modulation frequency for different signal laser power

levels is shown in Fig. 2. In order to clearly compare the

slopes, the response curves are shifted to 0 by their value at

the lowest modulation frequency. For the co-propagating

scheme shown in Fig. 2(a), a resonance-like peak appears at

a few GHz, which has been shown to originate from the non-

zero value of the internal loss.20–22 As the microwave fre-

quency increases, the XGM responses appear almost parallel,

implying only a small change of group velocity and time

delay with power. In contrast, for the counter-propagating

scheme, the slope of the XGM response shows large changes

FIG. 1. (Color online) Experimental set-ups for measuring the microwave

time delay and power response induced by an SOA for (a) co- and (b)

counter-propagating configurations. PC: polarization controller. MZM:

Mach-Zehnder intensity modulator. EDFA: Erbium doped fiber amplifier.

VOA: Variable optical attenuator.a)Electronic mail: weiqi.xue@gmail.com.
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with signal power, cf., Fig. 2(b). The fast drop-off of the

XGM response seen in this case is caused by the transit time

effect, i.e., phase mismatch, between the counter-

propagating signal and the probe beams.21 Therefore, it is

expected that these optically induced slope changes in the

frequency range from �5 to 40 GHz imply large time delays

for the microwave signal carried by the probe beam.

The measured microwave time delays shown in Fig. 3

are relative to a reference case, where the input signal power

is the minimum, i.e., �12 dBm for the co-propagating con-

figuration and �5 dBm for the counter-propagating configu-

ration. The two configurations are seen to result in

qualitatively different responses. For the co-propagating case

(Fig. 3(a)) the induced time delay rapidly decreases with fre-

quency, showing the usual lifetime limitation. These results

share common features with slow light in SOAs mediated by

coherent population oscillations.10–12 In contrast, for the

counter-propagating configuration (Fig. 3(b)) a tunable true-

time delay from 0 to �10 ps is obtained over a large range of

frequencies, extending from �5 to 35 GHz by tuning the

input optical signal power.

We now briefly describe the theoretical model used to

analyze the experimental results. Restricting attention to

small-signal and harmonic modulation, the power of the sig-

nal and probe beams, Ps and Pp, can be expressed22

(
PsðzÞ ¼ �PsðzÞ þ DPsðzÞ � e�iXt þ DP�s ðzÞ � eiXt

PpðzÞ ¼ �PpðzÞ þ DPpðzÞ � e�iXt þ DP�pðzÞ � eiXt (1)

where �PmðzÞ, (m¼ s or p) is the average optical power,

which is a function of the propagation distance z inside the

SOA. DPm(z)¼ jDPmj � exp(ikmz) is the modulated compo-

nent at microwave frequency X, km¼X/vm is the propaga-

tion constant of the modulation component, and vm is the

phase velocity. If we assume the probe beam to be a weak

perturbation, the gain dynamics and the propagation of the

signal beam in the SOA will not be impacted by the probe

beam.22 Then, the propagation equations for DPm(z) in both

co- and counter-propagating configurations can be described

by

dDPs

dz
¼ ðg� aÞ � DPs �

g �Ps=Psat

1þ �Ps=Psat � iXs
� DPs (2a)

dDPp

dz
¼ ðg� aÞ � DPp �

g �Pp=Psat

1þ �Ps=Psat � iXs
� ½DPs � expðiDkzÞ þ DPp�; (2b)

where Psat is the saturation power of the SOA, a is the inter-

nal loss, s is the carrier lifetime, and g is the saturated gain.

Propagation effects are taken into account by the term

exp(iDkz).22 For the counter-propagating configuration

Dk ¼ ks � kp ¼
X
vs
� X

vp
¼ �ðns þ npÞ

X
c
¼ �2n

X
c
:

Here, c is the speed of light speed in vacuum. For the

co-propagating configuration, Dk¼ 0.

The boundary conditions are DPs(0)¼DPin and

DPp(0)¼ 0 for co-propagating configuration and

DPs(0)¼DPin and DPp(L)¼ 0 for counter-propagation.

Here, DPin is the input modulated component of the signal

beam and L is the length of the SOA. Based on Eq. (2) and

these boundary conditions, the microwave modulation

imposed by the signal on the probe can be calculated, there-

fore, the induced microwave time delays can be inferred.

The parameters used for the calculations are s¼ 100 ps,

L¼ 1 mm, Psat¼ 5 mW, g¼ 1.5� 102 cm�1, a¼ 13.5 cm�1,

and refractive indices ns¼ np¼ n¼ 3.5. Figure 4 shows the

calculated XGM responses for the co- and counter-

propagating configurations. The simulated results are seen to

agree very well with the experimental measurements

depicted in Fig. 2. One can understand these effects as a

combination of carrier dynamics and propagation effects. In

the counter-propagating case, due to the phase mismatch

between the carrier oscillations experienced by the probe

beam and the modulated component of the signal beam, as

displayed by the term iDkz in Eq. (2b), the XGM response

decreases much faster with microwave frequency as com-

pared to the co-propagating case. The dip of the XGM

response occurring in Fig. 4(b) at a frequency of �43 GHz

corresponds to the frequency, at which the length of the SOA

equals half a microwave wavelength

X
2p
¼ c

2nL
¼ 3� 108m=s

2� 3:5� 1mm
	 43 GHz: (3)

This value is just outside the frequency range that is experi-

mentally accessible with our network analyzer.

Figure 5 shows the calculated microwave time delays. In

the measured frequency range, the theory shows good agree-

ment with the measurements in Fig. 3. Let us discuss briefly

the phase response for the counter-propagating configuration.

When the microwave frequency approaches the dip frequency

of 43 GHz, the phase approaches 180� for the largest power

level, which is the generic phase response if one considers the

FIG. 2. (Color online) Measured XGM amplitude response versus micro-

wave frequency for different optical signal power levels in the (a) co- and

(b) counter-propagating configurations.
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FIG. 3. (Color online) Measured microwave time delay versus microwave

frequency for different optical signal power levels in the (a) co- and (b)

counter-propagating configurations.
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XGM response as a microwave notch filter profile.9 At low

microwave frequencies, because the length of the SOA is

much smaller than the wavelength of the microwave modula-

tion, propagation effects inside the SOA can be neglected.

Hence, in the low-frequency range, the obtained time delay

will be the same for the co- and counter-propagating configu-

rations and is dominated by dynamical gain saturation

effects.14 In the intermediate microwave frequency range, i.e.,

from a few GHz to �35 GHz, the counter-propagating XGM

amplitude and phase responses are nearly linear, and their

slopes can be changed by varying the input signal power, as

shown in Figs. 2(b) and 4(b), thus corresponding to a constant

time delay.

The maximum obtained time delay DtRF is limited by

the transit time through the SOA

DtRF ¼
nL

c
: (4a)

The microwave bandwidth DfRF over which the delay

appears as a true-time delay is approximately given by the

difference between the cavity frequency determined by

Eq. (3) and the inverse of the carrier lifetime

DfRF 	
c

2nL
� 1

s
: (4b)

As suggested by Eq. (4a), for the counter-propagating based

XGM scheme, the maximum achievable true-time delay can

be extended by increasing the length of the SOA. However,

from Eq. (4b), it is apparent that there is a trade-off between

the microwave operation bandwidth and the induced time

delay. For applications requiring a signal bandwidth of sev-

eral hundreds of MHz,23 even a few GHz, a tunable true time

delay of several tens of picoseconds at �10 GHz can still be

achieved by properly designing the length and carrier life-

time of the SOA.

In conclusion, we report distinctly different phase

responses for co- and counter-propagating XGM schemes in

active semiconductor waveguides. For the co-propagating

configuration, gain dynamics leads to time delays of several

tens of picoseconds but restricted to a rather low frequency

range. In contrast, for the counter-propagation case, due to

the linear variation of the phase with microwave frequency,

a �10 ps tunable true-time delay over a microwave band-

width of several tens of GHz is achieved. For both configura-

tions, theoretical simulations based on a rate equation model

for the carrier density and propagation equations for the in-

tensity of the beams account very well for the experimental

results. The models can be used to further optimize the

obtained time delay. By properly engineering the length and

carrier lifetime of the active semiconductor waveguide, a

tunable true-time delay of several tens of picoseconds should

be achievable.
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FIG. 4. (Color online) Calculated XGM responses versus microwave fre-

quency for different optical signal power levels in the (a) co- and (b)

counter-propagating configurations.
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counter-propagation configurations.
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