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INTRODUCTION

In scientific literature we have recently seen a con-

siderable increase in activities related to mi-

crowave photonics. Until a few years ago, despite

new scientific journals where the term optics (or

photonics) was associated with microwave, basi-

cally no technical innovations were to be noted,

apart from a race for higher and higher frequen-

cies, culminating in the field of microwaves, han-

dled or transmitted by photonic systems. 

However, at least two highly significant break-

throughs have been achieved, both reaching be-

yond the purely electronic traditional technique

through the decisive contribution of photonics. 

The two examples, which will be briefly comment-

ed upon, are: the photodiode with integrated opti-

cal pre-amplifier, and the generation of mm-wave

signals by photomixing.

The first example [1,2] is based on the integration,

on the same semiconductor substrate, of the pho-

todetector and optical pre-amplifier. This possibili-

ty was by no means novel, being also described in

textbooks [3], however, its scientific importance is

given by the fact that, for the first time, 40Gb/s sys-

tems reach beyond the purely electronic solution

provided by transimpedance amplifiers (front-

end), replacing it with an optical pre-amplifier and

obtaining improved noise performance [3]. Addi-

tionally, if we consider that the evolution of bit rate

is not over, and the next step after 40Gb/s is ex-

pected to be 160Gb/s (already a topic of discus-

sion, although for the time being only to evaluate

its potential [4]), it is clear that the technical solu-

tion for the receiver will undoubtedly incorporate

the still new approach consisting of an optical pre-

amplifier integrated with a photodiode. 

This solution is technically superior to the tradition-

al ones, based – as known – on internal gain

mechanisms (avalanche photodiode APD) associ-

ated with the transimpedance pre-amplifier. As the

bit rate increases, the photodetector requires a
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progressively smaller termination resistance, as

load of the transimpedance amplifier, to maintain

the bandwidth (though with some recovery due to

the reduced junction capacity resulting from a de-

creased surface area). However, impedance val-

ues typical of transmission lines (≈50 ohm) are

reached, which makes the transimpedance am-

plifier meaningless. Moreover, the avalanche mul-

tiplication cannot be fully used, because of the un-

availability of a semiconductor (either standard or

based on bandgap engineering) with a high ion-

ization coefficient ratio (for gain) and high carrier

mobility (for bandwidth).

In the chart (figure 1) showing the various receivers’

performances, sensitivity data for the optical pre-

amplification photodetector are significantly bet-

ter than the values of traditional photodetectors

with transimpedance amplifiers.

The device’s structure (figure 2) is also interesting:

the photodiode is in ridge guide like the amplifier

section, and made of the same material (MQW) in

InGaAs on a substrate and with an InP overcap. As

the optical amplifier section operates in direct po-

larization and the photodiode section is reverse

polarized, an isolation area must be interposed

(obtained with different techniques, generally by

intermixing [5]). The photodiode is long enough to
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absorb all the radiation, thus preventing back re-

flection by the chip edge. A taper area helps re-

duce the mode’s elliptic shape, facilitating the

coupling with input fiber. 

It is interesting to note, in the structure shown in

figure 2, that from being planar with vertical input

the photodiode has become of the side input

type. This structure, well known since the early

days of photodetection [3] and used to provide

high absorption length, becomes essential at hy-

perfrequencies, as it allows the separation of the

photon absorption function from that of drift of

photogenerated carriers: this way, we no longer

have to accept the compromise between detec-

tion efficiency and bandwidth. In fact, the ab-

sorption length (or parameter 1/α) sets one of the

two geometric sizes of the sensitive area, the oth-

er one being the mode’s width which propa-

gates, fortunately not much bigger than λ, when

a single-mode fiber is used at the output. Photo-

generated charges are collected transversally to

the optical guide, so that the length they have to

cover (intrinsic cutoff) can be shortened, and the

junction capacitance effect can even be elimi-

nated (extrinsic cutoff) by incorporating it in a

coplanar output transmission line for electric sig-

nals (figure 2).
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The semiconductor amplifier is usually penalized

by high insertion loss (e.g. compared to EDFA) in

optical fiber coupling, as the spatial mode of semi-

conductors, all with a high refraction index (typi-

cally n=3.5), is much smaller than the fiber’s mode.

In the integrated receiver, however, the photodi-

ode follows the amplifier directly, which eliminates

one of the two coupling losses. 

The other significant example of photonic tech-

nique proposed as an alternative to traditional

electronic approaches is photomixing. 

Photomixing is simply the well-known coherent de-

tection [3] which, when performed with an ultra-

fast photodiode on the two (or more) modes emit-

ted by a laser source, generates a beat signal

which may have particularly beneficial properties. 

A simple configuration for photomixing, also with

two Fabry-Perot cavity lasers, is described in an-

other paper presented at this conference [6]. In this

case, as generally happens, the beat signal at the

frequency corresponding to the difference be-

tween the two modes (or the associated electric

fields) transmitted on the photodiode fluctuates

considerably in frequency, and all efforts are di-

rected at circumventing such fluctuation in order

to take advantage of the beat. 

Conversely, when we initially have a pair of modes

very well-defined in frequency, the initial line width

is the one which is found in the beat (at most, wors-

ened by √2), i.e. in the electric frequency signal

emitted by the photodiode. Therefore, using two

narrow-line (≈MHz) or frequency stabilized DFB or

DBR lasers [7,8] (it can be as low as ∆f≈10 kHz), ex-

tremely high frequency signals can be obtained,

up to the maximum frequency response of the

available photodiode, and with the same ∆f as the

laser used. Or, frequency stability is transferred

from optical frequency to electric frequency. 

This is well known in the radioastronomy sector,

where the ALMA international cooperation has

Figure 1
Receivers’ performances (input equivalent noise according to transmission rate). Receivers with 40Gb/s optical pre-amplifiers
are better than direct detection receivers with transimpedance front end (adapted from [3] with data from [1,2]).
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been active for some time; this initiative’s activities

include, among others, local oscillators obtained

by photomixing (see www.mma.nrao.edu/mem-

os/html-memos, with approximately 350 articles).

Conceptually, we might wonder why the frequency

stability of optical sources (laser oscillators) should

be markedly superior to the frequency stability of

electric sources (electronic oscillators). The reason

exists, and is found in the higher ∆f/f=1/Q selectivity

of the optical frequency oscillator, very simply be-

cause Q is proportional to the number of wave-

lengths contained in the size of the laser (resonator)

compared to that of millimeter or centimeter waves. 

In particular, as demonstrated in another work pre-

sented at this conference [9], a semiconductor

laser in passive mode-locking, oscillating with nu-

merous longitudinal modes spaced c/2nL (L = cav-

ity length, c = light speed, n = refraction index),

may exhibit a particularly good (≈100 kHz) fre-

quency stability. Thus, fabricating a laser with

length L = 2400...1200…800µm, the resulting spacing

will be c/2nL = 20...40...60 GHz, i.e. the photodiode

output is in the range of mm-waves. 

It should be noted that a stability of e.g. 100kHz at

60 GHz is not easy to obtain with transistor oscilla-

tors (of the appropriate fT), unless we resort to com-

plicated and expensive frequency stabilization

techniques [10].

This is what makes photomixing a promising pho-

tonic technique for the generation of microwave

signals and carriers. 

The condition for the new technique to be suc-

cessful is to create reasonably high power Popt

laser sources, and to make photodiodes able to

convert the optical signal into electric signal with

high quantum efficiency η.

By way of example, supposing that the mixer pho-

todiode is connected to load R, the electric pow-

er obtained Pel=R I2= R[(ηe/hν) Popt ]2. When

R(ηe/hν)2 Popt=1 the optical power equals the

electric power. This condition can also be ex-

pressed as: Popt=1/ R(ηe/hν)2 and for reasonable

values (e.g. R = 50Ω, ηe/hν = 1 A/W) we obtain 

P0 = 1/50 = 20mW. With Popt>P0 the electric power is

greater than the optical power by a factor Popt/P0,

and vice versa with Popt<P0 .

Figure 2
Cross section and plan view of the chip of an integrated receiver incorporating the optical amplifier, with QW in InGaAs (λ=1550 nm)
and the photodiode with output in coplanar guide. Both components use the same optical guide structure. An isolation layer has
been interposed for electric and optical separation. The input guide is tapered for higher fiber coupling efficiency (-3dB). 
The 500µm long amplifier’s gain is 10-14 dB at a 40-60 mA current.
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Regarding photodiodes, advanced structures with

guide or single-carrier traveling wave (uni-traveling

carrier) outputs, or MSM (with metal-semiconduc-

tor junction) outputs, have been demonstrated to

reach 150 GHz easily [11, 12], with record peaks of

500-600 GHz. Even higher frequencies have been

reached by fast photoconductors, such as LT-GaAs

(low-temperature grown GaAs) and non-linear

crystals (GaSe, ZnGeP2, etc.), able to emit Watts at

THz frequencies [13, 14].

A currently ongoing research effort in the area of

photodiodes aims to obtain high saturation cur-

rents at the highest response bands [15], for use in

the 60-90 GHz frequency range.

APPLICATIONS IN THE 
COMMUNICATIONS FIELD

The availability, by mode-locking laser photomix-

ing, of several mW electric power at frequencies

ranging from a few GHz to 100 GHz and more,

opens the way to several applications in the com-

munications field. 

The band around 60 GHz is becoming established

as the most adequate for Mobile Broadband Sys-

tems (MBS) and WLAN (Wireless LAN) for several

reasons: the broad band (≈5 GHz) provided, with-

out license requirements, by the main internation-

al standardization bodies (FCC-Federal Communi-

cations Commission in the US, ETSI-European

Telecommunications Standards Institute in Europe,

TTC-Telecommunication Technology Committee in

Japan); the high attenuation of free space (which

increases with the square of frequency) and ab-

sorption of water molecules (16 dB/km at 60 GHz)

limit the application to picocells (typical radius 20-

100 m) enabling frequency re-use in adjacent cells

and communications difficult to intercept, and

therefore more secure. 

In wireless local and metropolitan networks, in or-

der to provide multimedia services (high-quality

videoconferencing, LAN connections between

buildings, high definition TV cameras and TVs, wire-

less IEEE 1394 connections, wireless connections to

printers, etc.) requiring high capacity per user (up

to1 Gbps), an IEEE 802.16 and 16a standard has al-

ready been created to regulate 2- to 66GHz broad-

Figure 3
Radio over Fiber network diagram, with mm-wave radio connection
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band wireless access. MAN wireless is seen as an

economic alternative to optical fiber to solve the

problem of cable installation costs in the so-called

“last mile”.

Another broadband wireless access system is

called Hybrid Fiber Radio or Radio over Fiber Sys-

tem. In this case some of base radio stations’ most

expensive functions are made remote and con-

centrated in the central station, using optical fiber

to connect this station with base radio stations. 

Using mm-waves for connections between base ra-

dio stations and mobile terminals, it is possible to

exploit the large bandwidth of these frequencies

available to provide high-quality multimedia ser-

vices, while optical fiber connections enables the

transport of high bit rate signals. 

Figure 3 illustrates a typical example of Radio over

Fiber network. The optical signal’s modulation and

demodulation takes place in the central station,

where the 60GHz carrier can also be generated

optically [16] and then, in radio base stations, con-

verted into electric with a photodiode and modu-

lated (see figure 4).

References [17-20] indicate several methods for the

optical generation of mm-wave carrier with low

phase noise, so that these transmitters can be im-

plemented in applications using high-efficiency

modulation techniques like QAM/AM or QAM/FM.

In Japan [20], the same system for the optical gen-

eration of mm-wave signal has been proposed as

the most promising solution for high-speed home

interconnection, to handle satellite TV, PC, CATV ser-

vices, smart home appliances, etc. (see figure 5).

For all these applications the availability of a low-

cost 60GHz transceiver is the key to the widespread

use of this technology.

An example of mm-wave integrated transmitter

might be a mode-locking laser, whether linear as in

[9] or a ring as in [21] (see figure 6). Ring lasers ob-

viously have the advantage of not needing mirrors,

but may exhibit bistability and multi-stability prob-

lems [22, 23]. The mode-locking section can be re-

verse-biased to increase static absorption. Output

power can be raised to 7-15 mW even maintaining

the laser output power (≈mW) at moderate levels,

with an L=200-500 µm in-line optical amplifier. 

The coplanar photodetector converts the beat be-

tween the laser-generated modes into an electric

carrier. Lastly, a patch-type antenna can be in-

stalled with the flip chip technique or integrated di-

rectly on the same chip. The optical amplifier’s cur-

rent input can be used to modulate the carrier in

width and constitute the modulant’s input. 

For detection, a configuration similar to the one in

figure 6 can again be used, which, receiving the

optical power and 60GHz signal simultaneously,

performs a dual mixing operation: optical mixing

to generate the local oscillator, and electric mix-

ing to demodulate the signal received from the

antenna [24].

Figure 4
Example of mm-wave carrier generation in the central station [16]
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Figure 5
Example of mm-wave video transmission system [20]

Figure 6
Integrated transceiver for 60GHz carrier generation and photomixing. Left: concept diagram. Right: microphotograph of the chip built
by Vawter et al. in [21].
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TERAHERTZ IMAGING APPLICATIONS 

Several international laboratories have developed

equipment for THz frequency imaging (or λ=300

µm, in the EIR or Extreme Infra Red), following the

pioneer work of Zhang (Rensselaer Polytechnic 

Inst., N.Y.) [25].

The interest of this spectral field lies in the partial

transparency of fabrics and biological materials

(figure 7), which opens the way to new types of di-

agnostics and provides an immediate alternative

to radiographic inspection, without the risk of ex-

posure to ionizing radiation. The system obviously

includes optical generator, photodetector, and a

point-to-point scanning system (antenna or set of

antennas) to synthesize the image. 

Figure 7
Examples of THz-Imaging: matches seen inside their box (left), and man with weapon in the belt (right). Frequency: 90 GHz. Power
used: 20 mW (left) and 10 W (right). By courtesy of P.Planken TuDelft (left) and QinetiQ (right)
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